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Lightweight and relatively high stiffness are main characteristics that make sandwich 
composite to be feasible in marine and offshore applications. It is thus proposed that by 
filling steel face plates with lightweight concrete may create a promising sandwich 
structural system. This steel-concrete-steel (SCS) sandwich possessing lightweight by 
means of thinner core depth and lightweight infill concrete will lead to lightweight 
sandwich composite system. Comparison studies were conducted to determine profile of 
SCS sandwich panel employed in marine and offshore applications. Based on global 
comparison of a product/chemical carrier, thickness of steel face plates in SCS sandwich 
panel can be set as half of original steel plate thickness.  
A type of fiber-reinforced lightweight aggregate concrete (LWAC) with expanded glass 
granules is developed for the proposed lightweight sandwich composite system. A 
standard casting procedure is also established for quality control of fresh concrete. To 
minimize brittleness and enhance ductility of the concrete, steel fibers were added in. 
Static test results show that tensile, flexural strength and energy absorption capacity are 
enhanced by addition of fibers. Fatigue performance of steel fiber reinforced LWAC is 
also improved. From comparison of concrete with three types of fibers, hook-ended steel 
fibers show superior properties and is recommended. One percent volume fraction dosage 
is recommended if cost is taken into account. 
A fatigue test program with SCS sandwich beams aimed to investigate the effect of two 
loading parameters is conducted. Test results demonstrate that both maximum applied 
load and load range affect equally and independently on structural behavior of SCS 
sandwich member. Fatigue life reduces when load range or maximum applied load 
increases. A three-parameter fatigue design equation is proposed based on test results. 
The three-parameter fatigue design equation shows that maximum applied stress yields 
significant effect on fatigue performance when the difference between the maximum 
applied stress and the stress range is considerable. In this case, only considering stress 
range without taking into account maximum applied stress will lead to un-conservative 
                                                                                                                                                            Summary 
prediction of fatigue life. The three-parameter fatigue design equation can also be 
degenerated to similar design equations in existing codes by assuming minimum applied 
stress to be zero. From the S-N curves comparison, it is demonstrated the hooked 
connector perform as well as conventional headed shear studs. 
A type of textured interface, Expamet, is proposed to be used for strength improvement 
of SCS sandwich composites. Push-out tests show that bonding strength of textured 
interface increased significantly compared to that without it. Mechanical anchorage of 
this type of textured interface inhibits formation of cracks in infill concrete core and 
enhances bonding at steel-concrete interface, thus increasing static load carrying capacity 
of SCS sandwich composites. Expamet meshes can serve as a type of ‘linear or surface 
connector’ which is complementary with ‘point connector’ such as shear stud. Expamet 
also improves fatigue performance of SCS composite structures with no addition on 
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CHAPTER 1 INTRODUCTION 
 
1.1 Literature Review 
1.1.1 Sandwich Construction 
Sandwich construction is relatively new, even though the origin of sandwich construction 
can be traced back to Fairbairn (1849). Sandwich composite structures possess inherent 
superiorities compared to other simple plate-like structures. Figure 1.1 shows a cross 
section through a bird’s wing. Two face plates are separated apart and kept away about a 
certain distance by internal ribs, thus inducing significantly-increased flexural rigidity 
and strength to well resist static and dynamic loads such as strong wind. Inspired by 
nature, man creates sandwich composite structures as shown in Figure 1.1. This type of 
sandwich composite consists of two steel face plates separated and supported by folded 
steel web plates welded to them. This provides a composite structure that is much stiffer 
than the sum of stiffness of individual components. The infill foam can prevent buckling 
of face plates and increase flexural rigidity of sandwich composite as well. 
Sandwich composite structures thus can be simply defined as a three layer panel, 
consisting of two thin outer skins of high strength material separated by a low density and 
low weight core material. The basic concept is that the core material separates the face 
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plates which provide most of the strength to the structure. This creates a panel with 
enhanced stiffness and lightweight characteristics. Due to these advantages, sandwich 
composites have been widely used in aeronautics and astronautics. Many aircraft contain 
bonded sandwich panels that are made up of thin-face sheets, metallic or composite, 
bonded to aluminum honeycomb core (see Figure 1.2).  
The concept of sandwich construction in the U.S. originated with faces of reinforced 
plastic and a lower density core in World War II (Feichtinger, 1988). In 1943, Wright 
Patterson Air Force Base designed and fabricated the Vultee BT-15 fuselage using 
fiberglass-reinforced polyester as faces using both glass-fabric honeycomb and balsa-
wood core (Rheinfrank and Norman, 1944). Since then, sandwich construction has been 
used primarily in the aircraft industry with the development of the British Mosquito 
bomber, and later logically extended to the construction of missile and spacecraft 
structures. A major portion of the space shuttle is a composite-faced honeycomb-core 
sandwich (Bitzer, T. N., 1992). 
By the mid 1960s, efforts in sandwich research had spread widely. In 1966, Plantema 
(1966) published his famous, and the first, book on sandwich structures. This was 
followed by the book by Allen (1969). These books were the "bibles" for sandwich 
structures for many years. Most recently, a monograph by Zenkert (1997) supplements 
much of the material contained in the Plantema and Allen books. 
Sandwich construction leads the way in the use for lightweight railcars in Europe, while 
it applies in the rapid transit trains in the U.S. The U.S. Navy is using honeycomb-
sandwich bulkheads to reduce the ship weight above the waterline. Fiberglass sandwich 
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construction is applied logically in boat hulls, particularly in pleasure crafts where the 
foam core increases the chance of flotation in emergency situations. Fiberglass and 
graphite-composite sandwich construction have been used in the Royal Swedish Navy for 
their naval vessels for more than 20 years (Lonno and Hellbratt, 1996). Kujala and 
Tuhkuri (1996) investigated the use of steel-corrugated panels for superstructures in ships 
both analytically and experimentally. They found that the sandwich structures were 40-
50% lighter than the conventional steel construction, which imply that sandwich 
composite is feasible and promising in building construction.  
More recently, sandwich construction is being used increasingly in civil engineering 
infrastructure rehabilitation projects such as bridge decks (Woldesenbet and Vinson, 
1996; Karbhari, 1997) and submerged tube highway tunnel (Narayanan et al, 1987; 
Narayanan et al, 1988; Tomlinson et al, 1989). This leads to the form of Steel-Concrete-
Steel (SCS) sandwich construction which will be discussed in details in the following 
section. 
1.1.2 Steel-Concrete-Steel (SCS) Sandwich Construction 
The early form of Steel-Concrete-Steel (SCS) sandwich construction was originally 
proposed as an alternative form of construction for immersed tube tunnels (see Figure 1.3 
a) as a result of collaboration between the University of Wales College of Cardiff, 
Tomlinson and Partners and Sir Alexander Gibb and Partners (Narayanan et al, 1987; 
Narayanan et al, 1988; Tomlinson et al, 1989) . Because it was treated and analysed as a 
concrete beam strengthened with both top and bottom steel plates, it was named as 
'Double Skin' or 'Dual Skin' composite (DSC) construction. It consists of a layer of plain 
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concrete, sandwiched between two layers of relatively thin steel plate, connected to the 
concrete by welded stud connectors (see Figure 1.3 b). The studs not only perform the 
role of carrying longitudinal shear between the sandwich layers but they are deliberately 
fabricated to extend from one steel skin to another so that they can perform the role of 
transverse shear reinforcement.  
Since then it has been considered for a variety of offshore and onshore applications 
including oil production and storage vessels, caissons, core shear walls in tall buildings 
and impact and blast resistant structures. This strong and efficient structure has the 
following advantages over conventional doubly reinforced concrete sections: 
(i) The steel face plates act as permanent formwork. 
(ii) The steel face plates act as a waterproofing membrane. 
(iii) The steel face plates and shear connectors can be easily site fabricated and expensive 
detailing of bar reinforcement is avoided. 
There are many similarities between this system and doubly reinforced concrete 
construction. However, there are also certain aspects of the behaviour that differ. The 
possible failure modes of a DSC beam are shown in (see Figure 1.3 c) and are described 
below: 
(1) The steel face plates may buckle away from the concrete when subjected to 
compression if top connector spacing is large.  
(2) The concrete in the compression zone may crush. 
(3) The concrete may also fail in vertical shear. 
(4) The connection between steel face plates and concrete core may fail either by 
connector failure or slip failure.  
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(5) The tension steel face plates may yield. This is the most expected failure mode. 
Due to the similarities between DSC elements and reinforced concrete construction, BS 
8110 (1997) has been used for the development of design guidance for DSC elements 
(Wright et al, 1991b). The steel plates will normally be similar to those used in steel 
bridge construction and BS 5400 (1979) might be a suitable code with which to evaluate 
their capacity. The connection between the steel plates and the concrete core is similar to 
that used in composite T beam bridges and building elements. BS 5400 (1979) and BS 
5950 (1990) have detailed rules for such connectors. 
 
The design guide on SCS sandwich construction (Narayanan et al., 1994) took the 
following assumptions (see Figure 1.4): 
(1) A rectangular stress block of depth 0 for the concrete according to BS8110 (1997) 
(where ‘
x9.
x ’ is the depth of the neutral axis measured from the underneath face of the 
compression steel plate). 
(2) The concrete beneath the neutral axis does not contribute to the strength of the section. 
(3) The forces in the steel plates depend on both steel yield strength and the capacities of 
the connectors to transfer the shear force from the steel plate to the concrete core. 
The ultimate compressive force in concrete is given by 
)9.0(45.0. xbfN cuRdcu =         (1.1) 
where is concrete cube compressive strength and  is beam width. cuf b
From force equilibrium, we get 
RdcuRdcRdt NNN ... +=          (1.2) 
The depth of neutral axis can be obtained from Equations. (1.1) and (1.2) 
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[ . .10.45 0.9 t Rd c Rdcux Nf b= × ]N−         (1.3) 
Taking moments about the neutral axis, the moment resistance of the section is: 
. . . . .(0.55 )2 2
c
pl y Rd c Rd cu Rd t Rd c
t ttM N x N x N h x  = + + + + −            (1.4) 
Alternatively, if moments are taken about the centre of compression plate the moment 













txNtthNM      (1.5) 






≤           (1.6) 
where  is the longitudinal spacing of shear connectors in the compression region and 
is thickness of steel face plate in compression. 
s
ct
The DSC elements can make steel plates and concrete core work together by overlapping 
connectors, but its composite interaction is not so strong since there is only connection 
between concrete and steel plates linked by connectors and no direct connection between 
the steel face plates. To increase the strength and composite action between steel face 
plates and concrete core in SCS sandwich, a new type of connector whose both ends are 
friction welded simultaneously to two steel face plates was developed by Corus 
Construction & Industrial (Pryer and Bowerman, 1998; Bowerman et al, 1999; 
Bowerman et al, 2002). This improved SCS sandwich system was called “Bi-steel”.  
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The fabrication procedure is as follows. The two steel face plates are fixed in their 
relative positions by an array of transverse bar connectors. The bars are arranged in a 
closely spaced regular pattern and are subject to high-speed rotation. The steel face plates 
are touched to the ends of the bars and friction welded to them by this high-speed friction 
welding technology. The system can be applied to various types of structure. The 
composite action of the steel and concrete together in the Bi-Steel gives it great strength. 
Bi-steel panels can be factory produced to both flat and curved form. It provides a 
modular system which addresses the buildability issues such as ease in construction and 
economical viability.  
Shear strength of Bi-steel panel has been investigated (Clubley et al, 2003a; Clubley et al, 
2003b). It is reported that Bi-Steel system has significant shear capacity this shear 
strength is affected by several parameters, including plate spacing, connector spacing and 
shear connector diameter. They also concluded that the Bi-Steel panels have high 
ductility and deformation capacity. 
A series of analytical solutions of Bi-Steel system based on doubly reinforced beam 
concept were also reported (McKinley and Boswell, 2002). Both the elastic and plastic 
capacities were obtained. The post yield strength of the Bi-Steel panel was based on the 
plastic behaviour of the steel.  
To simulate behavior of Bi-Steel system more accurately, a Truss model was proposed 
(Xie and Chapman, 2006; Xie et al., 2007). In this truss model, the area of concrete in 
longitudinal compression can be determined from equivalent steel section. Tapering web 
compression members was proposed for analysis of Bi-Steel beam member forces (see 
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Figure 1.5 a). The truss model consists of pin jointed line elements in which the axial 
stress is uniform across a section. In this truss model, bar connectors act as tension tie and 
concrete between connectors act as compression strut. To achieve this, the uniform web 
thickness over which the stress varies, is replaced by a tapering web across which the 
stress is constant, with the requirement that the total compressive forces are equal to that 
in the equivalent beam model, and that the depths of the compression zones  are also 
equal (Figure 1.5 b). The depth h of the truss is equal to the distance from the mid-
thickness of the bottom plate to the centroid of the compression area (Figure 1.5 c); h  is 
given by Equations. (1.7) to (1.9). 
my
( ) ( ) ( )2 3
2
c c c t m c c m c t
c m c
nt h t t y t h y t t
h
nt y t
2 + + + − − − + = + −       (1.7) 
βαα 22 −+−=my                (1.8) 
( )c tn t t tα = + − c
)
         (1.9) 
( ) ( 2 2 2 2c c t t t c ch t t nt nt nt tβ = − + + + − +       (1.10) 
where s cn E E=  is the elastic modulus ratio between steel and concrete. An inherent 
characteristic of this model is that the plates are connected to the concrete only at the 
nodal points. This means that there is no bond between steel and concrete. 
1.1.3 Fatigue on Steel-Concrete Composite Structures 
Research on fatigue of steel-concrete composite structures mainly comes from composite 
bridges or composites-strengthened bridges due to vehicle cyclic loading. Research on 
fatigue performance of reinforced concrete (RC) bridge beams strengthened with 
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composites, e.g. glass fiber-reinforced polymers (GFRP), carbon fiber-reinforced 
polymers (CFRP) and steel-reinforced polymers (SRP), are well documented. Several 
researchers conducted research on the fatigue of reinforcing steel, (Ohno et al, 1978; 
Tilly, 1979), plain concrete (Hop, 1968; Shah and Chandra, 1970). Many studies have 
been conducted on the fatigue performance of reinforced concrete beams and slabs 
(Rezansoff et al, 1993; Petrou et al, 1994). The findings indicate that in a RC structural 
element subjected to cyclic loads, the failure is a result of the fatigue fracture in the steel 
reinforcement (Tilly, 1979). The fatigue performance of strand prestressed steel-concrete 
composite girder or strengthened RC beams using externally bonded fiber-reinforced 
polymers (FRP) sheets has been well documented (Albrecht et al, 1995; Barnes and Mays, 
1999; Shahawy and Beitelman, 1999; Papakonstantinou et al, 2001; Aidoo et al, 2004; 
Brena et al, 2005; Aidoo et al, 2006). Most of the research studies suggest that the 
addition of the FRP system results in an increase of the fatigue life of the beams. The role 
of the strengthening system, in terms of fatigue resistance, is to reduce the stresses on the 
steel reinforcing bars and thus increase the fatigue life. The fatigue relationship for steel-
concrete composite beam is generally regressed between fatigue life and stress range in 
steel reinforcing bar in either of following two expressions: 
log( )f rN g h= + ⋅S            (1.11a) 
log( ) log( )f rN g h S= + ⋅          (1.11b) 
where Nf is fatigue life and Sr  is stress range in steel reinforcing bar , g and h are 
constants that define the slope and location of the curve. 
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Some research on fatigue performance of stud connectors in composite structures adopts 
similar relationship as abovementioned equations, only replacing Sr by shear stress range 
in connectors, ∆τ. These include report both on conventional steel-concrete composite 
structures (Lee et al, 2005; Ahn et al, 2007) and steel-concrete-concrete (SCS) sandwich 
composites (Roberts and Dogan, 1998; Xie and Chapman, 2005; Foundoukos et al, 2007). 
Mainstone and Menzies (1967) studied the behavior of shear connectors in composite 
beams subjected to static and fatigue loads using push-out specimens. They adopt a linear 
relationship between log (Nf ) and maximum applied load ratio Pmax / Pu As follows. Sim 





= = + ⋅ N
         (1.12) 
where Pmax is maximum applied load and Pu is static ultimate load. 
Yen et al (1997) presented experimental results of steel-concrete composite beams tested 
under static and fatigue loads. Fatigue tests were conducted varying mean loads Pmean 
while load amplitudes being kept the same. Adopting expression of S-N approach and 






= = + ⋅ N
         (1.13)
 
The coefficients g and h have been regressed as 1.969 and -0.179 for partial composite 
beams with wire meshes in concrete topping. Py is defined as the load that causes the first 
crack in the concrete slab. 
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Similarly, for composite materials such as fiber reinforced concrete (FRC), log(Nf ) is 
normally assumed to be related to only one loading parameter, the maximum stress ratio, 
which is the ratio of maximum fatigue stress fmax to the modulus of rupture fr as follows 
(Nanni, 1991; Naaman and Hammoud, 1998; Singh and Kaushik, 2003; Lee and Barr, 






= = + ⋅ N
         (1.14)
 
1.2 Motivation of Research 
Due to high stiffness and high strength-to-weight ratio of sandwich construction, many 
attempts have been made to employ sandwich composites in marine and offshore 
structures, e.g. ship construction. Since the mid-1980s carbon or glass fiber reinforced 
polymer (CFRP/GFRP) composites are being used increasingly in ship construction (Hall 
et al, 1984; Bergan et al,1994; Dodkins et al, 1994; Goubalt et al, 1996; Mouritz et al, 
2001; Galanis, 2002; Aksu et al, 2002), as shown in Figure 1.6 (a). They basically consist 
of two stiff and relatively high-density CFRP/GFRP skins or faces separated by a thick, 
light and structurally weaker core, generally PVC foam. However, these FRP sandwiches 
were used only in a few non-critical ship structures or small boats due to their low 
stiffness and high cost. Another newly developed sandwich design known as Sandwich 
Plate System (SPS), as shown in Figure 1.6 (c), consisting of steel face plates with 
polyurethane foam core in between has been used in some ship deck rehabilitation (Lloyd, 
2000; Kennedy, 2004). However, it was not cost competitive with conventional material 
in most shipbuilding applications. An extensive application of these polymer sandwiches 
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to build large ship structures is not straightforward due to high materials costs, production 
aspects and challenges with regard to fire performance. 
Since the 1990s, investigations of all metal sandwich panels on ship construction arise 
(Tan et al, 1993; Pantsar et al, 2001; Romanoff and Kujala, 2001; Naar et al, 2002; Kozak, 
2003; Pantsar et al, 2004; Klanac and Kujala, 2004; Kujala et al, 2004; Kozak, 2005; 
Hansen and Abbott, 2005). The all metal sandwich panel is implemented by laser 
welding technology and comprises metal face sheets and corrugated metal core in a 
"hollow" form, as shown in Figure 1.6 (b). This "hollow" sandwich possesses lightweight, 
high stiffness-to-weight ratio and superior manufacturing accuracy and efficiency. 
However, there exists thin thickness limitations for laser welding and this makes it 
difficult for all metal sandwich panels to be employed in construction of large ships.The 
thin metal sheets without any infill materials are also very prone to local impact and 
indentation. 
Concrete may be a better candidate infill material for sandwich construction due to its 
lower cost compared to polymer. It is interesting to note that concrete has been tested as 
ship building material for many years. Concrete is a cheap and readily available material, 
and a series of 12 concrete merchant ships were built in the five year period after the First 
World War. Similarly, scarcity of steel resulted in serial production of many concrete 
ships during World War II (Bergan and Bakken, 2005), as shown in Figure 1.6 (d). The 
durability and strength of marine concrete structures are also well documented through 
the performance of a large number of fixed and floating concrete platforms in the North 
Sea. Even though concrete ships in many ways have proved to serve well, they have one 
basic flaw: their weight. Typically, ships built of normal, reinforced concrete carry a 
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weight penalty of more than 50% of steel ships. Under normal circumstances, this implies 
that they are not competitive since higher weight means a corresponding reduction of 
cargo capacity. Moreover, heavy weight also means they are slow and have low fuel 
efficiency. Use of reinforced concrete in marine structure is limited due to its low 
strength-to-weight ratio. As a result, most of the existing marine structures are made from 
thick steel stiffened plates, which requires high level welding skills and are costly to 
inspect. 
Driven by the motivation of combining the advantages of steel and concrete, Double Skin 
Composite (DSC) construction was first proposed for a submerged tube highway tunnel 
(Narayanan et al, 1987; Tomlinson et al, 1989) and developed further in various area 
(Oduyemi and Wright, 1989; Wright et al, 1991a; Wright et al, 1991b; Wright et al, 
1991c; McKinley and Boswell, 2002; Subedi, 2003; Liang et al, 2003). This form of 
construction consists of a layer of un-reinforced normal weight concrete, sandwiched 
between two relatively thin parallel steel face plates which are connected to the concrete 
infill by welded overlapping shear stud connectors. The plates are aligned in the plane of 
bending so that they are in compression and tension respectively when subject to flexure. 
Generally no further shear reinforcement is necessary as the studs are employed for this 
purpose. It has been used in diverse applications including submerged tube tunnels, 
gravity seawall, floating breakwater, caisson, nuclear structure, liquid containment and 
defence structures. The DSC construction provides composite shear action between steel 
face plates and concrete core but there is no direct connection between the two steel face 
plates. 
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Another type of sandwich construction, the so called "Bi-steel" (Bowerman et al, 2002) 
was developed with the aim of easy buildability and robustness. The steel bar connectors 
can be friction-welded simultaneously to two steel face plates. Bi-steel provides direct 
connection between steel face plates but the core depth must be at least 200mm 
(Bowerman et al, 1999) for installation of the connectors. 
From the above discussion, it is seen that development of lightweight concrete is essential 
for steel-concrete-steel (SCS) sandwich composites to be employed in marine and 
offshore applications. By filling steel face plates with lightweight concrete, a promising 
sandwich structural form for innovative ship construction may be created. This SCS 
sandwich possessing lightweight by means of thinner core depth and lightweight infill 
concrete will lead to lightweight sandwich composite system. For SCS sandwich 
composites in marine and offshore applications, fatigue of the SCS member is of essential 
concern. 
Investigations will be carried to construct ship double-hull (see Figure 1.7) with SCS 
sandwich panel (see Figure 1.8). This is an effective way to reduce consumption of 
longitudinal stiffeners, thus decreasing welding volume and eliminating fatigue prone 
structural details. Meanwhile, it also reduces work content at the shipyard, thus reducing 
the manpower cost and improving productivity. 
It should be noted that schematic representation in Figure 1.8 is just a general concept of 
replacing single stiffened steel plates with SCS panels without considering detailed 
design. The replacements in girders, hopper plating and bilge plating should take 
construction effectiveness into consideration and need further investigation. And, the 
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requirements of additional ‘vertical’ members in double bottom ballast space and the 
spaces between girders are based on local comparison study which is presented in 
Chapter 2, section 2.3. 
1.3 Research Scope and Objectives 
The present work is limited to static and fatigue performance of SCS sandwich 
composites. Information regarding SCS sandwich subject to accidental loads, such as 
impact and collision, and their analysis and design are not considered. Also, loading 
conditions for tests are limited to static and cyclic loads. Dynamic loading conditions are 
not considered. 
The research objectives include the following: 
1) To develop novel lightweight steel-concrete-steel (SCS) sandwich composite 
system targeted to be employed in marine and offshore applications. This consists 
of the following sub-objectives: 
i) To determine sandwich profiles used in marine and offshore structures, 
especially SCS panel replacement in ship double-bull construction; 
ii) To develop novel lightweight concrete as infill material for marine and 
offshore applications and investigate their static, flexural and fatigue 
strength; 
iii) To develop novel type of connectors used in the lightweight SCS 
sandwich composite system; 
 - 15 -
Chapter 1                                                                                                                                       Introduction 
 
iv) To propose novel methods to further improve bonding strength and 
structural performance of sandwich composite system subject to static and 
fatigue loads; 
2) To investigate the static behavior and fatigue performance of novel lightweight 
sandwich composite system; 
3) To provide design guidance on fatigue resistance of the proposed lightweight 
sandwich composite system. 
1.4 Overview of Contents 
This chapter is intended to provide an overview of the impetus behind the research in 
SCS sandwich structure applied in marine and offshore area, and to define the scope and 
objectives of the present investigations. First, comparison studies to determine SCS 
Sandwich profiles for marine and offshore structures. This is followed by infill material 
development for the proposed lightweight sandwich composite system. The following 
chapters investigate static behavior and fatigue performance of SCS sandwich composites. 
The strength improvement of SCS sandwich by one type of textured interface is also 
addressed. 
Chapter 1 is intended to provide an overview of the impetus behind the research in SCS 
sandwich structure applied in marine and offshore area, and to define the scope and 
objectives of the present investigations. 
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Chapters 2 to 4 mainly address the development of novel lightweight sandwich composite 
system for marine and offshore applications. These include Steel-Concrete-Steel (SCS) 
sandwich profile determination based on comparison studies, development of lightweight 
concrete and innovation of connector types. 
Based on global comparison studies, chapter 2 provides SCS sandwich profiles for 
marine and offshore structures. Local comparison based on stiffened steel plate and 
weight comparisons are also conducted.  
Chapter 3 addresses the development of lightweight concrete for the use of lightweight 
sandwich composite system. Various methods for lightweight achievement, such as 
expanded clay type lightweight coarse aggregate, introducing air bubbles into cement 
paste by air entraining agent and expanded glass type lightweight fine aggregate, are 
presented. Fatigue performance of plain lightweight aggregate concrete (LWAC) and 
fiber-reinforced LWAC are also investigated. 
Chapters 4 to 6 investigate structural performance of SCS sandwich composites. These 
include bonding strength of steel-concrete interface, static behavior and fatigue 
performance SCS sandwich composites. 
Chapter 4 presents various novel connector types firstly. Analytical studies are then 
conducted. Push-out and static beam tests are carried out to investigate static behavior of 
SCS sandwich composites. Predictions by analytical studies and test results are also 
compared. 
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Chapter 5 investigates the fatigue performance of SCS sandwich composites. Literature 
review is conducted on various current fatigue design codes before research significance 
is addressed. A fatigue test program aimed to arrive at new fatigue relationship is 
conducted. Design implication based on the new fatigue relationship is also given.  
To improve the strength of SCS sandwich composites, application of a type of textured 
interface is investigated in Chapter 6. Push-out, beam static and beam fatigue tests are 
conducted. Structural performance of beams with plain interface and textured interface 
are compared. 
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Figure 1.1 Section through a bird's wing and Laser Welded All Metal Sandwich Panel 
 
Figure 1.2 Sandwich composite construction of the Apollo Capsule 
 
 
(a) Double-Skin Composite (DSC) construction proposed for submerged tube tunnels 
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(b) Double-Skin Composite (DSC) construction and connector layout 
 
(c) Double-Skin Composite (DSC) construction failure modes 
Figure 1.3 Double-Skin Composite (DSC) construction (Oduyemi et al, 1989; Wright et 
al, 1991) 












              (a) Cross section                                       (b)Stress block 
  
Figure 1.4 Stresses diagram in Double-Skin Composite (DSC) elements 
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Figure 1.5 Truss model for Bi-Steel element (Xie et al., 2007) 
       
(a) CFRP/ GFRP sandwich patrol boat     (b) Laser welding in all metal sandwich panel 
                 (Mouritz et al, 2001)           (Hansen and Abbott, 2005) 
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    (c) Sandwich Plate System                      (d) Concrete tanker in World War II 
              (Kennedy, 2004)          (Bergan and Bakken, 2005) 
Figure 1.6 Various attempts to construct ship by advanced composites 
 
 
Figure 1.7 Ship double-hull construction 
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Figure 1.8 Replacement of ACS built with single stiffened steel plates with ACS 
constructed with SCS panels 
 
 









If steel-concrete-steel (SCS) sandwich composite is to be used in marine and offshore 
applications, especially for ship construction, better performance is expected compared to 
conventional structures. The minimum requirement is that it should have equivalent 
strength and flexural rigidity with the conventional ones. This chapter provides some 
comparison studies. Section 2.1 provides some comparison studies to show the 
effectiveness of sandwich on both structural components and ship structures. Section 2.2 
to 2.4 give feasibility study on a 16K DWT product/chemical class carrier and determine 
the SCS profiles to be used for marine and offshore applications. 
2.1.1 Sandwich Effect of Structural Component 
This section gives case study (1) to show the advantages of sandwich structure over 
single plate-like structures. Four structural types are compared in this case study: single 
panel, double half-panel, sandwich panel and sandwich panel with a hole. The purpose of 
the last type is to investigate stress concentration for confined sandwich structure 
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proposed in Chapter 4. The objective of this study is to compare the variation of flexural 
rigidity and response stress among these four types of panels subject to the same bending 
moment and to find out if the response in sandwich panel with hole exceeds that of the 
single panel. All of these panels have the same length l and width b. The first type has 2t 
thickness. The second type is obtained by cutting the panel in two halves and separating 
the parts with net distance 5 times of thickness of one half-panel. The third type is the 
second type filled with core material and the forth type is the third type with a central 
hole of diameter d. All these types are shown in Figure 2.1 as follows. 
For sandwich panel, we adopt planar hypothesis. The following formula thus can be 
given (Zenkert, 1997): 
D
zM






f f f f c f c c
f c
E bt E bt t t E btD D D D
+= + + = + +
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zEM <=σ                                                                                    (2.4) 
where xε  is the strain at the point with distance z form neutral axis; b is width of 
sandwich component; D  is the flexural rigidity of sandwich panel; Subscript f denotes 
face plate whereas c denotes core; t is the thickness of core and also the net distance of 
two face plates. As seen from Equation (2.2), the flexural rigidity of a sandwich section 
consists of three parts: flexural rigidity of two face plates about their own neutral axis 2D
c
f, 
flexural rigidity of core material Dc and flexural rigidity of two face plates about neutral 
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axis of the sandwich section D0. If steel is used as face plate and normal-weight concrete 
as core material, their elastic modulus ratio can be given as follows: 
N/mm52.05 10fE = × 2, N/mm43.25 10cE = × 2 and 31.6/ == csE EEα . Since concrete has 
asymmetrical stress-strain curve for compression and tension and very low tensile 
strength, assumptions are made that concrete’s strength become zero when subject to 
tension and contribution of concrete in tension region to flexural rigidity is ignored. 
Location of neutral axis is determined based on derivation in section 2.3 before 
calculating flexural rigidity and stress. For this proposed confined sandwich panel, 
thickness of steel face plate, diameter of hole and distance between holes are set as 
follows tentatively: 5mm≤h≤10mm, 10mm≤d≤20mm and 150mm≤b≤200mm. 
/= fct hhα
The detailed calculation procedure is shown in Appendix I. The calculation results are 
thus summarized in Table 2.1 by putting results of type I unity. It is shown that given the 
net distance of two half panels 5 times of thickness of one half-panel 
(i.e. ), the flexural rigidity of two-half-panel increases to the value more 
than 52 times of that of the single panel and the response stress decreases to the value less 
than 1/5 of that of the single panel. With infilled core materials, the flexural rigidity 
reaches an even higher value and response stress reduces even lower. Even if a hole is 
drilled in the sandwich panel, it keeps the tendency that flexural rigidity is more than  
times of that of the single panel and the response stress less than 
2α t
tα/1  of that of the 
single panel. This indicates a beneficial sandwich effect of increased flexural rigidity and 
decreased response stress. 
5=
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As for the stress concentration factor, charts can be referred to in corresponding 
references (Pilkey, 1997). Appropriate stress concentration factor of plate with central 
hole under bending for this case study is shown in Figure 2.2 (Juvinall and Marshek, 
2000). For )133.0~05.0(∈bd  and , the maximum stress concentration 
factor is about 2.1. Thus, the maximum stress in type IV considering stress concentration 
is in the range of (0.271~0.298). It is concluded that “sandwich effect” can compensate 
the adverse effect caused by stress concentration and be even more crucial than stress 
concentration in determining the response stress and structural status. 
)4~1(∈hd
If a ductile material which has symmetrical stress-strain curve and same elastic modulus 
with concrete is used, the contribution of the material in tension region to flexural rigidity 
should be taken into account. The results are summarized in Table 2.2. It is shown that, if 
ductile core material is used, the increase of flexural rigidity for type III is about 5%. For 
thin sandwich structures (i.e. / 5t c fh h ), core material in tensile region contributes 
slightly to flexural rigidity of sandwich panel. Ignoring concrete’s tensile strength will 
not decrease flexural rigidity of sandwich panel significantly. 
α = ≤
2.1.2 Sandwich Effect on Ship Structure 
Case study (2) in Section 2.1.2 is to compare response stresses between the amidships 
cross section (ACS) constructed with SCS panel and that built with single steel plate. A 
vessel of constant rectangular cross section, L×B×d= 140m×20m×13m, is selected for the 
comparison study. The total mass is 25830 ton, 20830 ton of which is distributed 
uniformly over the entire length, the remaining 5000 ton being distributed uniformly over 
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a length of 10m with its center of gravity at amidships. The load distribution curves are 
shown in Figure 2.3 (Muckle and Taylor, 1987): 
The original simplified amidships cross section (ACS) is shown in Figure 2.4 (Muckle 
and Taylor, 1987). Still water bending moment (S.W.B.M) and wave bending moment 
(Wave B.M.) are 797 MNm and 719 MNm respectively. Based on beam theory, stresses 
at both deck and bottom are summarized in Table 2.3. It is shown that S.W.B.M causes 
more than half total response stresses in both deck and bottom, thus leading to quite high 
total stresses in deck and bottom. Muckle and Taylor (1987) suggest that “redistribution 
of the loading would be one way of reducing the stress and if the 5000 ton load were 
distributed over the whole length of the ship the stresses would be reduced to 
133.1N/mm2 in the deck and 88.1N/mm2 in the bottom.” 
For oil tanker, the liquid cargo is approximately uniformly distributed along the whole 
length thus causing very small still water bending moment at the amidships cross section, 
even to be neglected. The following comparison study is based on the assumption of 
negligible still water bending moment. For convenient calculation procedure and 
comparison, all thicknesses of the steel plates in the referred simplified amidships cross 
section are set equal, i.e. 16mm, without differing much from the average thickness of the 
original steel plates 17mm. Thus, two sub-cases are set: I) all steel plate with thickness of 
16mm; II) all steel plate replaced by 8  SCS panel and ignoring concrete 
strength contribution in tensile region. The comparative simplified amidships cross 
section is shown in Figure 2.5.  
mmmmmm 8/50/
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For sub-case I), the position of neutral axis coincides with the geometrical centroid of the 
section for constant elastic modulus is held on the cross section. For sub-case II) ACS 
constructed with SCS, the position of the neutral axis no longer coincides with the 
geometrical centroid for elastic modulus varies on cross section. Assume the sought 
coordinate system is set passing through the location of neutral axis denoted as z whereas 
the known coordinate system is set at the baseline denoted as z* which is shown in Figure 
2.5. To find the location of neutral axis, coordinate transformation is required, i.e. z=z*+e, 
where e denotes the distance from the location of neutral axis to baseline. Thus the 
following equilibrium equation is established to determine the location of the neutral axis.  
01 =⋅⋅⋅⋅=⋅⋅ ∫∫ dzzbERdzb xxσ                                                                                 (2.5) 
∫ =⋅+⋅⋅ 0)( ** dzezbE                                                                                                  (2.6) 









e                                                                                                          (2.8) 
where b is width of the structural members, i.e. thickness for ‘vertical’ members and 
length for ‘horizontal’ members. Assumption is also made for ‘horizontal’ members that 
second moment I about its own neutral axis is ignored. Note that for sub-case II), 
locations of neutral axis are not identical for wave sagging bending and hogging bending 
because different parts of concrete are ignored. There are three independent variables in 
Equation (2.8): elastic modulus ratio between face plate and core material cfE EE /=α , 
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thickness of face plate  and thickness ratio between core material and face 
plate
fh
fct hh /=α where  denotes face plate,  denotes core material. f c
The comparison can be summarized in Table 2.4. Minus sign denotes compressive stress. 
From Table 2.4, it can be shown that the flexural rigidity of amidships cross section 
constructed with SCS panel increases about 20% compared to that built with single steel 
plate after ignoring concrete strength contribution in tensile region. The response stresses 
at the extreme edge of the section are all reduced from 4.1% to 28.3% due to the 
increased flexural rigidity. For amidships cross section constructed with confined 
concrete sandwich panel, the flexural rigidity increase of amidships cross section will be 
more than 20% and the response stress be reduced even more since confined concrete is 
pre-stressed in compression and should have strength contribution in tensile region. The 
concrete stresses of the extreme edge in compression zone are 17.58N/mm2 and 
11.83N/mm2 respectively, about 0.158 (reciprocal of 6.31) of the corresponding steel 
stresses.  
Before proceeding thickness determination of SCS panel by stress control condition, steel 
strength and availability for marine applications is checked. Steel grades of various 
standards are summarized in Tables 2.5~2.6 (Androic et al, 2000) and Table 2.7 (ASTM 
A 913/A 913M-04, 2004). 
As for the stress concentration factor for confined sandwich proposed in Chapter 4, charts 
can be referred to in corresponding references (Pilkey, 1997). The stress concentration 
factor K can be defined as the ratio of the peak stress in the body to some other stress (or 
stresslike quantity) taken as a reference stress: 
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σ max=                                                                                                                        (2.9) 
 
Where the stresses maxσ  represent the maximum stresses to be expected in the member 
under the actual loads and the nominal stresses nomσ  are reference stresses.  
The definitions of the reference stresses nomσ  depend on the problem at hand. It is very 
important to properly identify the reference stress for the stress concentration factor of 
interest. Generally the reference stress is defined at the same time that a particular stress 
concentration factor is presented. Two types of stress concentration factors can be 
obtained. If stress in a cross section far from the circular hole is used as the reference 
stress, stress concentration factor is gross concentration factor . If reference stress is 
calculated based on the cross section removing the circular hole, stress concentration 





Gross concentration factor other than net concentration factor  is employed in this 
case study since nominal stress is calculated without deducting cross-sectional areas of 




, the stress concentration 
factor is about 3. The maximum response stress of amidships cross section constructed 
with SCS panel is located on deck caused by hogging moment of waving bending when 
ignoring concrete strength contribution in tensile region, i.e. 148.58N/mm2 which is 96% 
that of amidships cross section built with single steel plate. This stress magnitude occurs 
on the ‘weak’ part with great openings of the cross section. For oil tanker, it is not very 
likely to have great openings on the deck and more ‘vertical’ members will be needed to 
)133.0~05.0(∈ld
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partition center tank and wing tank. In that case, the flexural rigidity will be much larger 
than that on the above simplified cross section, thus causing much ‘stronger’ amidships 
cross section and less stress magnitude. Even though the maximum response stress is 
148.58N/mm2, the magnified value of 445.74N/mm2 considering stress concentration is 
still less than yield strength of certain steel grade for offshore applications as shown in 
Table 2.5~2.7. 
2.2 Global Comparison 
To determine dimensions and thicknesses of SCS panel, a 16K DWT class 
product/chemical carrier constructed with double-hull is selected to make comparison 
study. The comparison study consists of local comparison and global comparison which 
is divided into two load conditions: sagging moment load condition and hogging moment 
load condition. The global dimensions of the carrier are shown in Table 2.8. 
The detailed dimensions of original amidships cross section (ACS) in half are shown in 
the Figure 2.6. Since there are varied types of side shell longitudinal stiffeners (see Table 
2.9), one type of equivalent longitudinal stiffener 250×90×10/15 is adopted based on 
equivalent cross section area. The cross section area of equivalent longitudinal 
stiffener  is slightly higher than average cross section area of side shell 
longitudinal stiffeners. This can lead to more conservative result for sandwich panel 
thickness. The detailed dimensions of the simplified half ACS are shown in the Figure 
2.7. The section properties of simplified half ACS and steel face plate thickness in SCS 
are determined in Table 2.10. 
15/1090250 ××
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It is concluded that the longitudinal stiffeners contribute about 20% to the total cross 
section area and the total moment of inertia. Without exceeding steel consumption of the 
whole ACS, maximum thickness of steel face plate in SCS panel can be set as 8.0 mm. 
Without exceeding steel consumption of ACS exclusive of stiffeners, thickness of steel 
face plate in SCS panel can be set as 6.5mm. The location of neutral axis is shown in 
Figure 2.8. 
The same coordinate transformation is required as expressed in Equation (2.5) to (2.8) 
and Figure 2.9. Note that for ACS constructed with SCS panel, locations of neutral axis 
are not identical for wave sagging and hogging bending because different parts of tensile 
region leading to different parts of concrete being ignored. Thus, global comparison is 
divided into two cases: under sagging and hogging moment load conditions. 
2.2.1 Global Comparison under Sagging Moment Load Condition 
In sagging moment load condition, concrete in lower part of ACS are in tension. With 
their tensile strength being ignored, these parts of concrete do not contribute to items in 
Equation (2.8). Substituting the known values in the original ACS scantlings into 
Equation (2.8), an equation is obtained with four variables , ,  and (see 
Appendix I). Solving this equation about , two solutions are obtained with  expressed 
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                                                                                                                                       (2.11) 
Elastic modulus comparison between steel and several types of lightweight concrete are 
summarized in Table 2.11. Substituting 3.37=Eα  of foamed concrete into the above 
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Given and fh tα the range of [0.001m~0.050m] and [0.001~50] respectively, two 3-D 
curved surfaces can be obtained in Figure 2.10. From the range of e , it is shown that the 
second solution is correct.  
Relative flexural rigidity D ),,3.37(/ tff hgE α=  in sagging moment load condition is 
shown in Figure 2.11. It is shown that the flexural rigidity of ACS is more determined by 
that byfh tα , i.e. steel contribute more to flexural rigidity of ACS than concrete. 
The design still water bending moment (S.W.B.M.) at sea going condition is 56000 TM 
for hogging and 40000 TM for sagging respectively.  The wave bending moment 
amidships (Wave B.M.) expressed in KNm can be calculated according to ABS (2005): 
32
11 10)7.0(
−×+−= bws CBLCkM         Sagging Moment                                              (2.14) 
32
12 10
−×+= bwh BCLCkM                    Hogging Moment                                             (2.15) 





















                                                               (2.16) 
=L Scantling length of vessel 
=B Breadth of vessel 
=bC Block coefficient, in not to be taken less than 0.6 
The moment loads are summarized in Table 2.12. 
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The deck stress and bottom stress of ACS constructed with SCS panel are determined by 
four variables: amidships bending moment M , thickness of face plate , elastic modulus 
ratio between face plate and core material 
fh
cf EE /E =α and thickness ratio between core 
material and face plate fct . Two functions can be obtained for deck stress S and 
bottom stress , i.e. S
d
bS ,,h )t,(dd MS Ef αα=  and )t,,,( hM Efbb SS αα= . If 1112 MNm 
sagging moment and Eα for 37.3 are introduced into the functions of S and , the 
functions are expressed with only two variables h and
d bS
f tα . Giving ranges of 
[0.004m~0.010m] and [0.001~20] for h andf tα respectively, the following 3-D curved 
surfaces relating S and  can be obtained as shown in Figure 2.12. Setting the required 
conditions for steel consumption and response stress, the thicknesses of face plate and 
core material can be determined. From the curved surface, it is shown that S is greater 
than . Thus, S is employed as control condition for SCS panel thickness determination. 
The stress curves are shown in Figure 2.13 for certain steel face plate thickness. It is 









2, while about 8mm increase in concrete core only decrease deck stress about 
1N/mm2. The original deck and bottom stresses are about 150N/mm2. Using the control 
condition 150, <= S tfhd MdS α  and four alternative thicknesses of face plate, 
minimum thickness of core material can be summarized in the Table 2.13. 
hh /=α
Based on sagging moment load condition and without exceeding steel consumption of 
ACS, thickness of steel face plate in SCS can be set as 7.0mm for block 
coefficientC . In stress control condition, thickness of core concrete is required to 85.0=b
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be more than 79.1mm and can be set as 80mm. So 7.0mm/80mm/7.0mm SCS sandwich 
profile may be preferred and can be used in ship double-hull construction. Without 
exceeding steel consumption, thickness of steel face plate can also be set as 7.5 mm for 
extreme case and 80mm thick core material is needed. Thus, for the extreme 
case , there also exists practical SCS sandwich profile of 7.5mm/80mm/7.5mm 







2.2.2 Global Comparison under Hogging Moment Load Condition  
In hogging moment condition, concrete in upper part of ACS is in tension. With their 
tensile strength being ignored, these parts of concrete do not contribute to items in 
Equation (2.8). Substituting the known values in the original ACS scantlings into 
Equation (2.8), another equation is obtained with four variablesα , ,  and (see 
Appendix II). Solving this equation about , two solutions are obtained with  expressed 





 of foamed concrete into 
the above equation, a two-variable function can be obtained. Given h and f tα the range of 
[0.001m~0.050m] and [0.001~50] respectively, two 3-D curved surfaces can be obtained 
in Figure 2.14. From the range of , it can be seen that the first solution is correct. 
Relative flexural rigidity D
e
),3.37/ tffE ,h(g in hogging moment load condition is 




If 1284 MNm hogging moment and Eα for 37.3 are introduced into the functions of 
and , the functions are expressed with only two variables h andd f tα . Giving ranges S
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of [0.004m~0.010m] and [0.001~20] for h andf tα respectively, 3-D curved surfaces 
relating and S  can be obtained in Figure 2.16. Setting the required conditions for steel 
consumption and response stress, the thicknesses of face plate and core material can be 








2 even for h (maximum thickness of steel face plate in SCS panel). 
This is because the deck constitutes a relatively ‘weak’ part of ACS and reaches higher 
stress when subject to hogging than sagging. So, for this critical region of deck segment 





Thus, is be employed as control condition for SCS panel thickness determination 
under hogging moment load condition. Ship bottom stresses under hogging moment load 
condition is shown in Figure 2.18.  
S
Using the control condition 150),,( tfb hM α  and four alternative thicknesses 
of face plate, minimum thickness of core material can be summarized in the Table 2.14. 
From comparison between Table 2.13 and Table 2.14, it is concluded that SCS profiles 
determined by deck stress under sagging moment load condition satisfy bottom stress 
requirement under hogging moment load condition. Thus, without exceeding steel 
consumption of ACS, 7.0mm/80mm/7.0mm SCS panel can be used as specimen profiles 
for block coefficient  and 7.5mm/80mm/7.5mm SCS panel for extreme 
case . For critical region of deck segment near ACS, stiffened steel plate other 
than SCS panel should be used. 
b
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From the above global comparison study it is also concluded that the deck stress will be 
larger than bottom stress for both sagging moment and hogging moment load conditions 
because upper deck single-hull constitutes a relatively ‘weak’ part of ACS compared to 
bottom double-hull. 
2.3 Local Comparison with Stiffened Steel Plate 
The compared stiffened steel plate is that between two plate girders circled by dashed 
oval shown in Figure 2.6. The detailed dimensions and section properties are shown in 
Figure 2.19.   
A SCS model with equal length to stiffened steel plate is established. Calculation 
procedure to determine location of NA and its flexural rigidity is presented as follows.  
Coordinate transformation is required as shown in Figure 2.20 and by Equations (2.5) to 
(2.8). The integration is shown in Table 2.15. 
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αα                                                         (2.19) 
For the maximum value of ise ft h⋅+ )2(α , this leads to 
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αα                                                                                   (2.25) 
fhke ⋅=                                                                                                                         (2.26) 
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Substituting e into the above equation, we get fhk ⋅=
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n ααα                                (2.29) 
The above function is a polynomial function about two variables tα and Eα , i.e. 










































































































































































                       (2.30)                       
Giving ranges of [1~40] and [5~50] for a and x respectively, the 3-D curved surfaces 
relating  is shown in Figure 2.21.  nD
Based on Table 2.11, four values of are assigned and typical curves of are shown in 
Figure 2.22. The moment of inertia and flexural rigidity of stiffened steel plate 
a nD
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4 and Nmm104.8 ××= fED
n
2 from Figure 2.19. For b=4350mm 
and mm or 8mm, D equal to 703 and 377 respectively. It is summarized in 
Table 2.16 for . 
= tfd hMSdS
It is concluded that to obtain equivalent flexural rigidity D with stiffened steel plate, 
unfeasible thickness of core concrete is needed for equal-length ‘flat’ SCS panel without 
any ‘vertical’ stiffeners. The thickness is even unfeasible for steel material as a=1. So 
plate girder or ‘vertical’ stiffeners are needed to get equivalent flexural rigidity with 
stiffened steel plate. 
Without exceeding steel consumption of ACS, the girder spacing is set as 1.1 m. So there 
are 6 girders in bottom double-hull and 6 girders in side double-hull. 10mm and 6mm 
thick plate girder systems are proposed for alternative SCS profiles, as shown in Table 
2.17. The flexural rigidities of the girder systems, as shown in Figure 2.23 and 2.24, are 
3.4 and 2.3 times that of the stiffened steel plate respectively. 
2.4 Weight Comparison 
With the same stress control condition , the core thickness 
using lightweight aggregate concrete can also be determined. The minimum thickness 
requirement is less than that when using ‘weak’ foamed concrete. Based on density ratio 
in Table 2.11, weight comparison is made on ACS segment of unit length built with 
stiffened steel plates and SCS panels respectively. The results are summarized in Table 
2.18. The value of core thickness in SCS profile is the minimum requirement. Although 
some of them are not practical for design, the purpose of this comparison is to draw 
α <
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qualitative relationship among material density, material elastic modulus and global 
weight of ship hull constructed with SCS sandwich panel. 
From the comparison results, it is shown that although the density of lightweight 
aggregate concrete (LWAC) is about 40% higher than that of foamed concrete (FC), the 
elastic modulus of LWAC is about 3 times that of FC. This causes the core concrete 
thickness is only about 30% that of FC. The weight of ACS segment constructed with 
LWAC is much less than that constructed with FC for equivalent performance. This is 
because LWAC possess higher value of elasticity/density ratio than that of FC. In this 
case, elasticity/density ratio of LWAC is about two times that of FC. 
Since elastic modulus of steel is greater than that of concrete, for equivalent performance, 
thinner steel face plate induce more infill concrete, which leads to more weight increase. 
This implies that, for composite structures, there exists inverse relationship between 
structural performance and structural weight. If less ‘stronger’ materials are used, more 
‘weaker’ materials should be supplied to obtain equivalent performance, which may 
induce more increase in structural weight. 
2.5 Summary 
Without exceeding steel consumption of the whole ACS of a 16K DWT class 
product/chemical carrier, maximum thickness of steel face plate in SCS panel can be set 
as tmax=8.0 mm while mean thickness can be set as tmean=6.5mm after excluding 
stiffeners. Based on global comparison studies, SCS panel profile of 7.0mm / 80mm / 
7.0mm can be employed in ship double-hull construction. The thickness of steel face 
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plate (7.0mm) in SCS sandwich is slightly higher (less than 10%) than tmean, but still less 
than tmax, which means that the proposal of replacing stiffened steel plate by SCS 
sandwich panel is feasible after removing the stiffeners. This also implies that, for 
replacement of other sizes or types of ship double-hull, thickness of steel face plate in 
SCS sandwich panel can be set as up to 10% larger than tmean, which is mean thickness of 
steel face plate excluding stiffeners.  
Based on local comparison studies of a typical stiffened steel plate on bottom shell, two 
alternative structural girder systems are proposed to enhance local stiffness of double-hull 
after removing the longitudinal stiffeners. Without exceeding steel consumption of ACS, 
the proposed 10mm and 6mm thick girder systems have a much larger value of flexural 
rigidity than that of original stiffened steel plate. 
For infill materials employed in SCS construction for marine and offshore applications, 
density should not constitute the only focus. Elastic modulus/density ratio or 
strength/density ratio is equivalently important parameter for infill material development. 
The research focus is therefore directed to developing lightweight and high-strength 
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Table 2.1 Comparison of flexural rigidity and response stress in case study (1) 
               Structural form 
Effect  I II III IV* 
Flexural rigidity  D 1 27.25 28.33 )91.26~56.24()1(33.28 ∈−
b
d






(* )133.0~05.0(∈bd ) 
Table 2.2 Comparison of flexural rigidity and response stress using ductile material in 
case study (1) 
               Structural form 
Effect I II III IV 
Flexural rigidity  D 1 27.25 29.73 )24.28~77.25()1(73.29 ∈−
b
d






Table 2.3 Moments on ship and stresses at deck and bottom in case study (2) 
-- Sdeck (N/mm2) Sbottom (N/mm2) 
S.W.B.M. (797 MNm) 147.6 97.7 
Wave B.M. (719 MNm) 133.1 88.1 
280.7 (wave sagging) 185.8 (wave sagging) 
Stress combination (N/mm2) 
14.5 (wave hogging) 9.6 (wave hogging) 
Table 2.4 Comparison of case study (2) 
Wave Bending Moment 
719MNm (sagging) 



















I 5.204 36.172 -154.96 103.44 5.204 36.172 154.96 -103.44 
6.125 44.936 -111.06 98.00 4.375 42.056 148.58 -74.8 
II Maximum concrete stress : 
Sc= -17.58 N/mm2 
Maximum concrete stress : 
Sc= -11.83 N/mm2 
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Table 2.5 Steel grades for offshore applications* 
Steel grade Minimum yield strength  (N/mmyf
2) 
FRITENAR 355 
FRITENAR 355 TZK OS
355 
355 
HISTAR 355 TZ OS 
HISTAR 355 TZK OS 
355 
355 
HISTAR 420 TZ OS 
HISTAR 420 TZK OS 
420 
420 
HISTAR 460 TZ OS 
HISTAR 460 TZK OS 
460 
460 
(*Germany steel grade) 











355 S 355 S 355 50 D gr. 50 
420 S 420 -- -- gr. 60 
460 S 460 -- 55 C gr. 65 
Table 2.7 Tensile properties of steel in ASTM A 913 standard 
Grade Yield point, min. (N/mm2) Tensile strength, min. (N/mm2) 
50 345 450 
60 415 520 
65 450 550 
70 485 620 
Table 2.8 Principal dimensions of 16K DWT class product/chemical carrier 
Item Value (m) 
Overall (L.O.A.) 147.0 
Length 
Between perpendiculars (L.B.P.) 138.3 
Breadth 23.0 
Depth  12.0 
Draught 9.0 
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Table 2.9 Dimensions and section properties of side shell longitudinal stiffeners 
Stiffener types Scantlings Cross section area (mm2) 33I
* (mm4) 22I
* (mm4) 
L15, L16, L18 300×90×11/16 4540.8 4.3×107 2.54×106 
L19 250×90×12/16 4229.6 2.76×107 2.46×106 
L20,L21,L23,L24 250×90×10/15 3682 2.41×107 2.3×106 
L25, L26 200×90×9/14 2921.2 1.19×107 2.04×106 
L28, L29 150×90×12 2727.6 6.28×106 1.75×106 
* : Moment of inertia about ‘strong’ neutral axis parallel to short side of stiffener  33I
  : Moment of inertia about ‘weak’ neutral axis parallel to long side of stiffener 22I
  Axis 22 and axis 33 refer to Figure 2.19. 
Table 2.10 Section properties of simplified half ACS 
Items Values 
Cross section area of half ACS A = 1.209m2 
Cross section area of stiffeners Astiffener = 0.2369m2 (19.6%) 
Cross section area of members (excluding stiffeners) Amember = 0.9721m2 (80.4%) 
Moment of inertia of half ACS about its own NA INA = 24.7725m4 
Contribution of stiffener to INA INA.stiffener = 5.072m4 (20.5%) 
Contribution of members other than stiffener to INA INA.member = 19.7005m4 (79.5%) 
Total member length in half ACS 74.3m 
Maximum thickness of steel face plate in SCS panel tmax = 0.5*(1.209/74.3)=8.14mm 
Mean thickness of steel face plate in SCS panel 
(excluding stiffeners) tmean = 0.5*(0.9721/74.3)=6.54mm 
Table 2.11 Properties comparison between steel and concrete 
Items Steel Lightweight aggregate concrete (LWAC) 
Foamed Concrete 
(FC) 
Elastic modulus E (kN/mm2) 205** 16*** 5.5*** 
Elastic modulus ratio αE (Es/Ec)* 1 12.8 37.3 
Density d (×103kg/m3) 7.85 1.7 1.2 
Density ratio αd (dc/ds)* 1 0.217 0.153 
Elastic modulus/density ratio 26.1 9.4 4.6 
(*Note: Subscript ‘s’ denotes steel while ‘c’ denotes concrete; 
**  under tension; *** under compression) 
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Table 2.12 Moment load of 16K DWT class product/chemical carrier 
Wave B.M. (MNm) Sum of B.M. (MNm)      Moment  
Type 
S.W.B.M. 
(MNm) 85.0=bC  0.1=bC * 85.0=bC  0.1=bC * 
Sagging  400 650 712 1050 1112 
Hogging  560 615 724 1175 1284 
(*Note: The purpose of this extreme case is only for parametric comparison which 
provides rough concept, not for real design purpose.) 
Table 2.13 Minimum thickness of core material under sagging moment load condition 
and  150),3.37,,( <= tfdd hMSS α  
fh  (mm) 6.5 7.0 7.5 8.0 
Requirement of tα  > 27.6 > 18.1 > 10.1 > 3.3 
1112 
Minimum of  (mm) ch 179.4 126.7 75.8 26.4 




Minimum of  (mm) ch 130 79.1 30 -- 
Table 2.14 Minimum thickness of core material under hogging moment load condition 
and 150),3.37,,( <= tfbb hMSS α  
fh  (mm) 6.5 7.0 7.5 8.0 
Requirement of tα  > 17.0 > 7.8 > 0.2 > -6.3 
1284 
Minimum of  (mm) ch 110.5 54.6 1.5 -- 




Minimum of  (mm) ch 39.0 -- -- -- 
Table2.15 Integrating parts on cross section of SCS model 
No. Integrating Range  ∫ ⋅ **dzzE  ∫ ⋅ *dzE  
① ∫−0 fh  )0(2 2ff hE −⋅  ff hE ⋅  
② ∫− +− e hh fc )(  ])([2 22 fcEf hhe




f −+⋅α  
③ ∫ +− +− )( )2( fc fc hh hh  ])2()[(2 22 fcfcf hhhhE +−+⋅ ff hE ⋅  
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Table 2.16 Required thicknesses for SCS panel with equivalent flexural rigidity D to 
stiffened steel plate 
Steel face plate thickness, hf (mm) 6.5 8.0 
Non-dimensional flexural rigidity, Dn 703 377 
Minimum value of x 34 24 
Minimum value of hc (mm) 221 192 
Table 2.17 Proposed plate girder systems for alternative SCS profiles 
                                    SCS profile (mm) 
    Item   
7.0 / 80 / 7.0 7.5 / 80 / 7.5 
Total member length in ACS (m) 74.3 74.3 
Total length of girders (m) 15.6 15.6 
Residual steel consumption for girders (m2) 0.1688 0.0945 
Maximum girder thickness (mm) 10.8 6.1 
Proposed girder thickness (mm) 10 6 
Flexural rigidity of girder system (×108mm4) 29 19 
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Table 2.18 Weight comparison of ACS constructed with SCS infilled with different lightweight concrete 
Thickness of steel face plate (mm) 
ACS Weight (all steel)=1.209 
6.5    7.0 7.5 8.0
SCS profile (mm) 6.5+41.0+6.5 7.0+25.2+7.0 7.5+9.8+7.5 8+0+8 




(LWAC) Weight ratio to all steel ACS     134.4% 119.6% 105.1% 98.3%
SCS profile (mm) 6.5+130.0+6.5 7.0+79.1+7.0 7.5+30.0+7.5 8+0+8 
ACS Weight (SCS) 2.442 1.939 1.455 1.189 
Foamed 
concrete  
(FC) Weight ratio to all steel ACS     202.0% 160.4% 120.3% 98.3%
Weight ratio (ACS by LWAC / ACS by FC) 66.54% 74.57% 87.35% 100% 
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Type IV Type III 
 
Figure 2.1 Four structural types in case study (1) 
 
Figure 2.2 Stress concentration factors for structural type IV in case study (1) (Juvinall 
and Marshek, 2000) 
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Still water buoyancy 





Figure 2.3 Still water buoyancy, wave buoyancy and mass distribution curves (Muckle 
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Stiffened steel plate for local comparison 
Figure 2.6 Detailed dimensions of original half ACS of a 16K DWT class 
product/chemical carrier (unit: mm) 
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Figure 2.7 Detailed dimensions of simplified half ACS of a 16K DWT class 
product/chemical carrier (unit: mm) 
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Figure 2.8 Location of neutral axis and section properties of simplified 
half ACS of a 16K DWT class product/chemical carrier  
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Figure 2.9 Coordinate transformation to determine location of neutral axis 
of ACS constructed with SCS panel  
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Figure 2.10 Relationship of e and fh, tα under sagging moment load condition 
 
 
]50~001.0[],050.0~001.0[ == tf mmh α ]10~001.0[],010.0~001.0[ == tf mmh α
tαfhtαfh
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6.5fh mm= 8.0fh mm=





     Figure 2.13 Relationship of deck stress Sd vs. tα for h m6.5f m= or 8.0  steel face plate  mm
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Figure 2.14 Relationship of e and fh, tα under hogging moment load condition 
 
 
]50~001.0[],050.0~001.0[ == tf mmh α ]10~001.0[],010.0~001.0[ == tf mmh α
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Figure 2.16 Deck and bottom stresses under 1284 MNm hogging moment load condition 
 
tα tα
6.5fh mm= 8.0fh mm=





     Figure 2.17 Relationship of deck stress Sd vs. tα for h m6.5f m= or 8.0  steel face plate  mm
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     Figure 2.18 Relationship of bottom stress vs. α for 6.5h mm= or 8.0mm
α α
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nD
Figure 2.21 Relationship of and aDn , x for local comparison 
                   






Figure 2.22 Typical relationship curves for and nD x  
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Figure 2.24 Proposed 6mm thick plate girder systems (unit: mm) 
 
 









Normal weight concrete has density of about 2300kg/m3 and strength of 30~40N/mm2. 
The low strength/weight ratio of normal weight concrete presents an economic problem 
in the construction of high-rise buildings and floating structures. Approaches to improve 
the strength/weight ratio lies in two aspects: increase strength and reduce unit weight, 
which leads to universal applications of lightweight concrete (LWC). Since the early 
1900s, LWC has been used in the U.S. Clinker aggregate was manufactured prior to 
World War I and generally used in lightweight block, and foamed slag was developed in 
the late 1920s. During World War I, expanded clays and shales were developed and were 
used for shipbui1ding. Since the 1950s, LWC has been used universally in multistory 
bui1dings. LWC is also used for applications as diverse as highway bridges and offshore 
dri11ing platforms. 
Concrete is a heterogeneous material which is inherently full of flaws, such as pores, air 
voids, lenses of bleed water under coarse aggregates and shrinkage cracks. The 
mechanism of fatigue failure in concrete or mortar can be divided into three distinct 
stages. The first stage involves the weak regions within the concrete or mortar and is 
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termed flaw initiation. The second stage is characterized by slow and progressive growth 
of the inherent flaws to a critical size and is generally known as microcracking. In the 
final stage, when a sufficient number of unstable cracks have formed, a continuous or 
macrocrack will develop, eventually leading to failure. Fatigue crack growth can be 
divided into two distinct stages: the first stage is a deceleration stage, where the rate of 
crack growth decreases as the crack grows and the second stage is an acceleration stage, 
where there is a steady increase in the crack growth rate right up to failure. 
It is thus feasible to retard and inhibit the growth of the flaws in the second stage by 
introducing closely spaced and randomly dispersed fibers as reinforcements. In fiber 
reinforced concrete (FRC), the action of fiber bridging (See Figure 3.1) and fiber pullout 
dissipates energy in the wake of the crack tip. After matrix crack initiation, the stresses 
are absorbed by bridging fibers. The concrete element does not fail spontaneously when 
the matrix is cracked. The deformation energy is absorbed and the material becomes 
pseudo-ductile. This mechanism plays a dominant role in inhibiting crack growth and 
therefore increases flexural strength, fatigue strength and fatigue life of FRC specimens. 
Fatigue performance improvement is shown in Figure 3.2 (Lee and Barr, 2004). The test 
results indicated an appreciable increase in post-crack energy absorption capacity and 
ductility due to the addition of fibers. When compared with corresponding plain concrete, 
both static flexural strength and fatigue strength increase significantly. 
There are four types of fibers available for engineering issues, i.e. steel fiber, 
polypropylene fiber, natural fiber and glass fiber. Natural fiber and glass fiber are not 
commonly used in concrete due to the mass availability of the former and the long-term 
durability of the latter in high alkaline environment in concrete. Generally, it has been 
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observed that the addition of steel fibers can significantly improve the bending fatigue 
performance of concrete members. The extent of improvement on the fatigue capacity of 
steel fiber reinforced concrete (SFRC) can be expected to depend upon the fiber volume 
content, fiber type and geometry.  
Lightweight is achieved by a high porosity in concrete. One method is by introducing 
voids in aggregates. Such lightweight aggregate concrete (LWAC) has been used as a 
structural material for many years. Development in the last 20 years has improved 
strength/weight ratio of the LWAC substantially. A relationship between strength and 
density exists for LWC based on particular aggregate (Mindess et al, 2003). Twenty-eight 
day compressive strength of 100N/mm2 with a unit weight of less than 1900kg/m3 was 
obtained and reported for LWAC. The other method is to introduce voids in cement paste 
by air entraining agent (AEA) or foam. Air content of lightweight concrete by this 
method is generally large and their strengths are usually low. This type of concrete is 
generally used for non-structural purpose such as architectural façade. 
The objective of this chapter is to describe lightweight concrete development procedure 
by these methods. As concluded in chapter 2, the density is not the only focus. Strength-
to-density ratio or elastic modulus-to-density ratio are an equivalently important 
parameter for the lightweight concrete development. 
3.2 Lightweight Aggregate Concrete (LWAC) 
Structural LWC can be made with both coarse and fine lightweight aggregates, but it is 
common for higher strength concrete to replace all or part of fine lightweight aggregate 
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with normal-weight sand. For purpose of minimize unit weight of concrete, lightweight 
coarse aggregate is used. For higher strength, normal-weight sand is used as fine 
aggregate. One type of universally used lightweight coarse aggregate is Liapor produced 
in Germany (see Table 3.1 and Figure 3.3). They possess much lower density compared 
to normal granite coarse aggregate whose density is about 2600 kg/m3. The failure mode 
of lightweight aggregate concrete is different from that of normal-weight concrete. 
Fracture commonly occurs through the aggregate rather than in the interfacial transition 
zone (ITZ) as shown in Figure 3.4. 
 Since the late 1960s, there has been a steady increase in the use of fibers in concrete to 
overcome brittleness, low tensile strength and strain capacities of plain concrete. The 
principal role of the fibers is to bridge across cracks when the strain of the composite has 
exceeded the ultimate strain of the brittle matrix and to provide post-cracking ductility to 
the concrete. They increase the toughness of the concrete by providing energy absorption 
mechanisms through debonding and pull-out of the fibers bridging the cracks (Mindess et 
al, 2003). It has been reported that the fiber reinforced concrete (FRC) also has better 
performance against fatigue loading compared with normal weight concrete without 
fibers. However, there is limited information available on the fatigue performance of 
LWAC. 
For application of LWAC in offshore and marine engineering, fatigue performance of the 
concrete is of essential concern. The sub-objective of this section is to develop LWAC 
and to investigate fatigue performance of plain LWAC and fiber-reinforced LWAC. 
 
 - 69 -
Chapter 3                                                                                             Development of Lightweight Concrete 
 
3.2.1 Experimental Details 
Ordinary Portland cement, natural sand as fine aggregate, and expanded clay type of 
lightweight aggregate (LWA) with particle density of 1000 kg/m3 (Figure 3.3) were used 
for the LWAC mix. The maximum size of the LWA was 8 mm. Characteristics of steel 
fibers used are shown in Figure 3.5 and summarized in Table 3.2. One was hook-ended 
steel fibers with a length of 30 mm and aspect ratio of 55, and the other was straight 
fibers with a length of 13 mm and aspect ratio of 65.  
Two mix types are proposed: plain LWAC and steel fiber reinforced LWAC. Coarse 
lightweight aggregates are kept constant for comparison in these two mix types. Mass of 
sand in plain LWAC is replaced partially by steel fibers in fiber-reinforced LWAC. Mix 
proportions of both plain LWAC and fiber reinforced LWAC are presented in Table 3.3. 
Water-to-cement ratio of the concrete was 0.50. For the two fiber-reinforced concrete 
mixtures, 1% of the steel fibers by volume of concrete were used. Eight batches of 
concrete were cast, which include three batches of plain LWAC (PC-1, PC-2 and PC-3), 
four batches of fiber reinforced LWAC with hook-ended steel fibers (F-1, F-2, F-3 and F-
4) and one batch of fiber reinforced LWAC with straight steel fibers (F-5).  
Because all of the concrete batches include prism specimens and not all of the concrete 
batches include cube specimens, the concrete compressive strength of each batch was 
determined by using broken prisms according to ASTM C349-02 (2002). The density of 
the concrete was determined at the time of demould. Modulus of rupture of the plain 
concrete was determined by using prism specimens of 400mm×100mm×100mm 
according to ASTM C78-02 (2002). For fiber-reinforced concrete, modulus of rupture 
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and flexural toughness were determined by using prism specimens of 
400mm×100mm×100mm according to ASTM C1018-97 (1997). The schematic view of 
test apparatus for modulus of rupture is shown in Figure 3.6. The third point loading 
method shall be used in making flexure tests of concrete employing bearing blocks which 
will ensure that forces will be perpendicular to specimen face and applied without 
eccentricity. The load-applying and support blocks should extend entirely across or 
beyond the full width of the specimen. Turn the test specimen on its side with respect to 
its position as molded. 
In the real laboratory conditions, the load cell is located above the central mid-span of the 
prism specimen. It is not possible to place displacement transducer on the central mid-
span point of the specimen top surface. So an aluminum channel is glued on the top 
surface of the specimen. Two displacement transducers are placed on top surface of 
aluminum channel at equivalent distance from central mid-span point of the specimen. 
Another two additional displacement transducers are placed on central point above 
support line. The net mid-deflection of prism specimen is calculated through 
measurements at the four displacement transducers by [(②+ ③)/2 - (①+④)/2] (Figure 
3.7). 
Splitting tensile strength of the concrete was determined by using Φ100mm×200mm 
cylinder specimens according to ASTM C 496/C 496M – 04 (2004). Test apparatus is 
shown in Figure 3.8. Thin plywood bearing strips are used to distribute the load applied 
along the length of the cylinder. Two bearing strips of a length slightly longer than that of 
the specimen are provided for each specimen. The bearing strips are placed between the 
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specimen and both the upper and lower bearing blocks of the testing machine when used. 
Bearing strips shall not be reused. Concrete cylinder specimens with 100mm diameter 
and 200mm height are used. 
Calculate the splitting tensile strength of the specimen as follows: 
dl
PT  
2                                                                                                                    (3.1) 
where T is splitting tensile strength, in N/mm2; P is maximum applied load, in N; l is 
height of cylinder specimen, in mm; d is diameter of cylinder specimen, in mm. 
The apparatus for fatigue test is the same as that for static flexural test according to 
ASTM C1018-97 (1997). Cyclic loadings are schematically represented in Figure 3.9, in 
which the following relations apply:  

















                                                                                                                    (3.4b) 
where Sr or ∆S is stress range; Sa is stress amplitude; Smax is maximum applied stress; 
Smin is minimum applied stress; smax is maximum stress level; smin is minimum stress 
level;  is the static flexural strength (modulus of rapture) of the corresponding plain 
LWAC or fiber reinforced LWAC determined under static loading conditions. Three 
MORS 
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maximum stress levels are selected for both plain LWAC and fiber reinforced 
LWAC: 0.9, 0.8 and 0.7. Minimum stress level is set as 0.1 for all fatigue tests.  
maxs
mins
There is no standard about how loading frequency of fatigue test is determined. Generally, 
four parameters should be considered as loading frequency of fatigue test is concerned. 
These include specimen response, inertia effects and strain rate, testing time period and 
strength gain with time. The loading frequency should not be very high because 1) 
Verification of full load and specimen response must be achieved; 2) Inertia effects and 
higher strain rates should be minimized. At the same time, the loading frequency should 
not be very low because 1) Cyclic loading condition is very time-consuming. Time 
saving should be one target for fatigue testing; 2) Lower loading frequency and longer 
testing time may cause strength gain with time. Typical loading frequencies of fatigue 
test from literature (Oh, 1991; Naaman and Hammoud, 1998; Singh and Kaushik, 2000; 
Ramakrishnan and Panchalan, 2003) are summarized in Table 3.4. Since specimen 
response can not be obtained in frequency higher than 5 Hz in current lab condition, 
loading frequency is selected as 2~5 Hz in present fatigue test program. 
For test results, Chauvenet's criterion is employed to conduct data analysis (Singh and 
Kaushik, 2000). Chauvenet's criterion is a means of assessing whether one piece of 
experimental data - an outlier - from a set of observations, is spurious. Simply speaking, 
any observation within the Gaussian probability (normal distribution probability) of [1 - 
1/(2*N)] must be kept. 
The kept data probability is as follow: 
)2/(111 NP                                                       (3.5)                 
 - 73 -
Chapter 3                                                                                             Development of Lightweight Concrete 
 
The kept data range is as follow:   
2
Z s                                                                                                 (3.6) 
where P and α are probability; N is the number of data; μ is mean of the data; 
2
Z  is the 
value at probability of 2
 ; s is standard deviation of a sample of data. 
3.2.2 Static Properties 
From the data analysis, all of the test data should be kept and no outliers are observed. 
The static properties of plain LWAC and fiber reinforced LWAC including density, 
compressive, tensile and flexural strength are summarized in Table 3.5. 
From Figure 3.10 it is shown that the failure mode of plain LWAC under compression is 
fracture passing through the aggregates and mortar whereas after addition of steel fibers it 
is just spalling of surface paste. The failure mode of plain LWAC is a brittle type while 
that of fiber reinforced LWAC is a ductile type.  
Comparison of modulus of rupture and splitting tensile strength are shown in. the 
graphical display of Figure 3.11 and 3.12. It is shown that both types of fiber reinforced 
LWAC increase the static flexural strength of plain LWAC, from 3% to 25%,  and the 
splitting tensile strength of plain LWAC, from 29% to 39%. The strength increase of 
fiber reinforced LWAC using 13mm straight fiber is higher than that using 30mm hook-
ended fiber mainly because the former possess higher value of aspect ratio and lower 
value of diameter, thus generating more bonding force with cement paste. 
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From Figure 3.11 and 3.12, it is also shown that the increase of tensile strength of fiber 
reinforced LWAC compared to plain LWAC is more than increase of flexural strength 
regardless of fiber types. This is because the stress status is different for cylinder under 
split tension and prism under flexure. In splitting tensile cylinder, steel fibers are subject 
only to tension whereas in flexural prism, the lower part of the prism is subject to tension 
and the upper part of the prism is subject to compression, thus cause less steel fibers 
taking effect than that in splitting tensile cylinder. Also, the cross section of splitting 
tensile cylinder (200mm×100mm) is greater than that of flexural prism (100mm×100mm), 
thus cause more steel fibers taking effect than that in the latter. 
The failure mode of plain LWAC under split tension is sudden split and the cylinder 
specimen breaks into two from the middle section as shown in Figure 3.13. However, in 
SFRC, steel fibers tie cracks together and inhibit crack extension, thus causing a ductile 
failure mode (see Figure 3.14 and 3.15) of SFRC and increasing its load carrying capacity. 
The failure mode of plain LWAC is a brittle type while that of SFRC is a ductile type. 
3.2.3 Toughness 
Toughness is the energy equivalent to the area under the load-deflection curve up to a 
specified deflection. The load-deflection curve is obtained by four point loading test on 
prism specimen. Toughness related parameters needed to be provided are listed as 
follows. Toughness indices  are ratios between area up to a deflection of (n+1)/2 times 
the first crack deflection δ and the area up to first crack (see Figure 3.16). The values 
obtained by dividing the area up to a specified deflection by the area up to first crack. For 
the area ratios 3, 5.5 and 10.5, n equal to 5, 10 and 20 respectively. Thus, three 
nI
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parameters should be provided: ,  and . These parameters represent approximately 
the times of energy absorption capacity of fiber reinforced LWAC to plain LWAC. 
5I 10I 20I
MORS 
Residual strength factors are defined as follows: 
)(20 51010,5 IIR                                                                                                             (3.7) 
)(10 102020,10 IIR                                                                                                           (3.8) 
The comparison of toughness related parameters are shown in Table 3.6 and Figure 3.17. 
Toughness indices ,  and  are approximately 5, 9 and 15 respectively for both 
types of fiber reinforced LWAC which indicate energy absorption capacities for both 
types of fiber reinforced LWAC increase significantly compared to plain LWAC.  
and  of fiber reinforced LWAC using 30mm hook-ended fiber is slightly higher than 
that using 13mm straight fiber because hooked ends need to be straightened in cement 




3.2.4 Comparison of S–N Curves 
The modulus of rapture  of plain LWAC and fiber reinforced LWAC have been 
determined as 3.72N/mm2 and 3.82N/mm2 respectively in previous static flexural test. 
The fatigue test results of plain LWAC specimens are summarized in Table 3.7. It is 
shown that for maximum stress level 0.9, the fatigue life of plain LWAC is about 12000 
cycles; for maximum stress level 0.8, the fatigue life of plain LWAC is about 74000; for 
maximum stress level 0.7, the fatigue life of plain LWAC is about 140000.  The fatigue 
test results of fiber reinforced LWAC using 30mm hook-ended fibers are summarized in 
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Table 3.8. It is shown that for maximum stress level 0.9, the fatigue life of fiber 
reinforced LWAC is about 56000 cycles; for maximum stress level 0.8, the fatigue life of 
fiber reinforced LWAC is about 110000; for maximum stress level 0.7, the fatigue life of 
fiber reinforced LWAC is about 770000. 
Once fatigue life data in the finite life region has been collected from fatigue tests, the 
least-square method for generating a line of best fit from the data is recommended. This 
method is feasible because the data can be represented as a straight line on a semi-log 
plot of the stress level versus log value of fatigue life. The regression models of test 
results for both plain LWAC and fiber reinforced LWAC are shown in Figure 3.18. 
Although fiber-reinforced LWAC shows higher variation than plain LWAC in Figure 
3.18, R2 =0.5311 for fiber-reinforced LWAC is greater than 0.5 and therefore it is within 
a reasonable range. It is demonstrated that fiber reinforced LWAC shows potential of 
better fatigue performance than that of plain LWAC. Fiber reinforced LWAC shows 
larger values of fatigue life at the same stress level than plain LWAC and shows larger 
values of fatigue strength at identical fatigue life. 
From current regression lines, fatigue strength (endurance limit at 2×106 cycles) of plain 
LWAC is 0.55 that of corresponding static strength while that of fiber reinforced LWAC 
is 0.70 which is in the range of fatigue strength of fiber reinforced normal weight 
concrete (Mindess et al, 2003). 
The regression model of plain LWAC and fiber reinforced LWAC are as follows: 
5425.1)(log1583.0 10max,  fP Ns                         (3.9) 
3009.1)(log5309.0 10max,  fF Ns                         (3.10) 
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where  is the maximum stress level of plain LWAC,  is the maximum stress 
level of fiber reinforced LWAC, is fatigue life, i.e. cycle numbers to failure. These 
regression lines apply only under maximum stress level 0.9. 
Psmax, Fsmax,
fN
3.2.5 Concluding Remarks 
From the test results, it is concluded that, similar to the effect of fibers on normal weight 
concrete, fibers overcome brittleness of plain LWAC, improving the material from brittle 
to pseudo-ductile both under compression and split tension. Fiber reinforced LWAC also 
increase tensile, flexural strength and energy absorption capacity of plain LWAC. The 
improved properties of higher tensile strength, pseudo-ductility and higher energy 
absorption capacity is effective and essential to satisfy the strength requirements, enhance 
fatigue and impact resistance for steel-concrete-steel composites in severe loading 
conditions. 
Regression models are obtained for both plain LWAC and fiber reinforced LWAC with 
reasonable values of coefficient of determination based on fatigue test results. From the 
regression lines, it is demonstrated that fatigue strength (endurance limit at 2×106 cycles) 
of plain LWAC is 0.55 that of corresponding static strength while that of fiber reinforced 
LWAC is 0.70. Fatigue strength increase is more than 30% [0.70×3.82/(0.55×3.72)=1.31]. 
Regression analysis of fatigue test results shows potential of better fatigue performance 
of fiber reinforced LWAC than that of plain LWAC, which means that fiber reinforced 
LWAC shows larger value of fatigue life at the same stress level than that of plain 
LWAC and shows a larger value of fatigue strength at identical fatigue life. 
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3.3 LWAC with Air Entraining Agent (AEA) 
In the previous concrete mix, expanded clay type of lightweight aggregate is used to 
achieve the lightweight. However, the unit weight of the LWAC is not so “light”. Thus, 
besides air pores in lightweight aggregate, it is proposed to employ air entraining agent 
(AEA) to introduce more air bubbles in cement paste to make the LWAC even lighter. 
Three types of generally used and commercially available fibers are investigated for 
comparison study: 30 mm hook-ended steel fiber, 13 mm straight steel fiber and 30 mm 
straight PVA (Polyvinyl alcohol) fiber. Besides fiber type, volume fraction of fibers in 
concrete is also investigated. The sub-objective of this section is to develop LWAC with 
AEA for the lightweight sandwich composite system and compare performance of 
various types of fiber-reinforced LWAC. Two commonly used values of volume fraction 
of fibers, 1% and 2%, are selected for concrete mix. 
3.3.1 Fibers 
Ordinary Portland cement and expanded clay type of lightweight coarse aggregate 
(LWCA) with particle density of 1000 kg/m3 were used for all the concrete. The 
maximum size of the LWA was 8 mm. Characteristics of fibers used are shown in Figure 
3.19 and 3.20 and summarized in Table 3.9. Mix proportions of all LWAC with AEA are 
presented in Table 3.10. Water/cement ratio of the concrete was 0.35.  
Five batches of concrete were cast. Besides cubes and cylinders for static properties tests, 
each batch also has six 400mm×100mm×100mm prisms, three for static flexural test and 
three for fatigue test, and two 300mm×300mm×80mm slabs for impact test. Static 
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flexural tests and fatigue tests were conducted according to ASTM C1609-05 (2005), as 
shown in Figure 3.21. The net deflection is measured by a rectangular jig which is 
clamped at two ends of the specimen, as shown in Figure 3.22. 
The fatigue tests were conducted at the same stress range for all batches. The maximum 
and minimum stress level is set as 80% and 9% of the static flexural strength of batch 
PVAF1-1, i.e.   =1.87-0.21=1.66N/mmmax minS S S 2. Loading frequency is selected as 
2~5 Hz in present fatigue test program. The cycle limit is set at about 2 million. 
3.3.2 Static Properties 
The static properties of LWAC with AEA are summarized in Table 3.11. There are 
basically two shapes of test specimens, cubes and cylinders, that are commonly used in 
the determination of the compressive strength of concrete. In the British approach, 150 
mm cubes are employed as standard specimens. The American approach, on the other 
hand, uses Ф150×300 mm cylinders. The compression test assumes a state of pure, 
uniaxial compression. However, this is not really the case due to the friction between the 
ends of the specimen and the platens of the testing machine. This frictional force arises 
from the difference in the modulus of elasticity and Poisson's ratio for steel and concrete. 
The lateral strain in the platens is considerably less than the lateral expansion of the ends 
of the specimen. Thus, through friction, the platens restrain the lateral expansion of the 
ends of the specimen and introduce a lateral confining pressure near the specimen ends. 
The effect of this type of end restraint is to give an apparently higher strength than the 
"true" compression strength of the specimen. The apparent strength will increase as the 
relative volume of the specimen subjected to lateral restraint increases. This accounts for 
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the fact that, in general, cubes indicate higher strengths than cylinders. The relationship 
between 150 x 300mm cylinder strength and 150mm cube strength varies, but on average 
the cylinder strength is about 20% less. For normal-weight and heavy-weight concrete, 
BS EN 206-1 (2000) gives fixed values for the required minimum characteristic strength 
for the two types of specimen with a difference of about 20%. However, for lightweight 
concrete, the difference is less and variable, depending upon lightweight aggregate type. 
Examples of the strength classes where a minimum cylinder strength of 25MPa is 
required are C25/30 for normal and heavyweight concretes and LC25/28 for lightweight 
concrete. Also, the specimens used for tests are 100 mm cubes and Ф100×200 mm 
cylinders. The smaller size of specimen causes smaller restraint area at ends of specimen. 
The reduced restraint effect at ends of specimen leads to closer values of cube and 
cylinder compressive strength. 
The Table identifies the performance of aerated lightweight concrete in term of density 
and compressive strength. It can be seen that compressive strength for aerated lightweight 
concrete are low for lower density mixture. Compressive strengths of lightweight 
concrete mixed with PVA fibers are less than that mixed with steel fibers. For concrete 
mixed with the same type of fibers, the increment of air content caused by the AEA in the 
mixture will lower the density. As a result, compressive strength will also decrease with 
the increment of the air content. 
3.3.3 Toughness 
Typically, there are two types of load-deflection curves. One type shows that the peak 
load is greater than the first peak load. The other type has the same peak load with first 
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peak load. Typical load-deflection curve of each batch are listed in Figures 3.23~3.27. It 
is shown that only SF2-1 possesses load-deflection curve with first-peak load equal to 
peak load. PVAF1-1, PVAF1-2, SF1-1 and SF1-2 show load-deflection curve with peak 
load greater than first-peak load and good post-crack hardening effect. Comparison of 
load-deflection curves of static flexural tests are shown in Figure 3.28 and 3.29.  
It can be seen that static flexural strength of all types of fiber-reinforced LWAC with 
steel fibers are greater than that with PVA fibers. The comparison of toughness and static 
flexural strength are summarized in Table 3.12 and Figure 3.30. It is shown that SF1-2 
has the best performance in terms of both static flexural strength and toughness. 
The toughness is an indication of energy absorption capacities for the fiber-reinforced 
LWAC. The two types of fiber-reinforced LWAC with largest values of toughness are 
mixed with hook-ended steel fibers. This is because hooked ends need to be straightened 
in cement paste channel before pull-out, thus absorbing more energy than straight steel or 
PVA fibers. The toughness of fiber-reinforced LWAC mixed with thin straight steel 
fibers presented lowest values. This was thought to be the balling problem in mixing. Due 
to very small diameter of the straight steel fibers, the very thin and short fibers are easy to 
“ball” together when mixing with cement paste and lightweight aggregates. 
3.3.4 Fatigue Performance 
The detailed fatigue performance is listed in Table 3.13. It is shown that fatigue 
performance of SF2-1 is the worst whose fatigue life is at the magnitude of 102 although 
it does not have the lowest value of static flexural strength or lowest value of aspect ratio. 
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This was thought to be due to the balling of these thin steel fibers with cement paste and 
lightweight aggregates in mixing. The very thin and short fibers are easy to “ball” 
together with cement paste and lightweight aggregates due to their very small diameter. 
SF1-1, SF1-2 and PVAF1-2 all show good fatigue performance whose fatigue lives are at 
the magnitude of 106. Fatigue performance of PVAF1-1 is not so good as SF1-1, SF1-2 
and PVAF1-2 but still better than that of SF2-1. Its magnitude of fatigue life lies in 103. 
After the volume fraction being doubled, PVAF1-2 shows very good fatigue performance 
because number of fibers bridging cracks in mortar increase. Effect of volume fraction of 
fibers on fatigue performance shows similar trend for steel fibers. After the volume 
fraction being doubled for hook-ended steel fibers, SF1-2 does not have cracks until 2 
million load cycles. 
3.3.5 Cost Analysis 
Based on the cost of LWC and different types of fibers, comparison of performance/cost 
index is made which is shown in Table 3.14~3.15. With same percentage of fibers 
volume fraction, cost of LWAC reinforced with steel fibers is less than that of LWAC 
reinforced with PVA fibers. By performance comparison, SF1-2 is the best choice for 
infill material of lightweight sandwich composite system. If performance/cost index is 
taken into consideration, SF1-1 is the best choice. 
3.3.6 Concluding Remarks 
Performance sequence of fiber-reinforced LWAC from best to worst by static flexural 
strength is SF1-2, SF1-1, SF2-1, PVAF1-2 and PVAF1-1. Performance sequence from 
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best to worst by toughness, fatigue and impact resistance is SF1-2, SF1-1, PVAF1-2, 
PVAF1-1 and SF2-1. Test results of fiber-reinforced LWAC are quite consistent. SF1-2 
shows the best performance on static flexural strength, toughness, fatigue and impact. 
However, if cost is taken into consideration, SF1-1 is the best choice by comparison of 
performance/cost index. 
Hook ended steel fiber SF1 shows superior properties than the other two types of fibers 
and is recommended in fiber-reinforced LWAC application. If structural performance is 
the unique purpose, SF1-2 is the best choice. If cost be taken into consideration, SF1-1 is 
the best choice. Performance/Cost index is a useful guide. 
3.4 LWAC with Expanded Glass Granules 
In the previous concrete mix design, air entraining agent (AEA) is introduced in concrete 
to reduce the density. However, AEA dosage and air content is difficult to control in 
rotated mixer. It is more advantageous to have air bubbles in the aggregate particles than 
in cement paste (Chandra and Berntsson, 2003). Thus, another type of stronger and 
smaller lightweight aggregate, expanded glass, is introduced in concrete as lightweight 
fine aggregate (LWFA). Expanded glass is much lighter than natural sand as fine 
aggregate. Air pores in it are more stable than air bubbles by AEA in cement paste. 
Properties of expanded glass granules are summarized in Table 3.16. 
3.4.1 Density Check of Trial Mix 
The basic design is shown in Appendix Table III.1. The components include cement 
paste, Liaver expanded glass granule as LWFA (see Figure 3.31), Liapor 4.5 expanded 
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clay as LWCA (see Figure 3.32) and 30mm hook-ended steel fiber (see Figure 3.19). For 
good grading of the aggregates, mass fraction of 0.3:0.3:0.2:0.2 are adopted for the four 
sizes of expanded glass granules, from smaller to larger sizes. The mixed grain density of 
expanded glass granules is measured as 447 kg/m3. 
Hobart mixer (see Figure 3.33) with blade and container is used for trial mix.  The casting 
sequence is as follows: Cement plus LWFA, water, LWCA and steel fiber.  The mix 
quality is good. Densities of four cubes are very close. However, the volume of fresh 
concrete is only about 4.5 liter for batch volume of 6 liter. Target density is mass 
summation of all the material components in mix proportioning design of one cubic 
meter. Difference between target density (1250kg/m3) and measured density (1600kg/m3) 
of fiber-reinforced LWAC is more than 25%, as shown in Table 3.17. The problem must 
be solved or the volume of fresh concrete casting can not be controlled. 
There are two possible reasons: 
1st) Maybe the grain density of expanded glass or/and expanded clay should be even 
higher than the data used?  
2nd) Maybe the water absorption capacity of LWA is higher than estimated data?  
However, after checking density of each component (LWFA, LWCA and steel fiber) by 
mixing with cement paste, the results do not show significant difference with the 
provided data. The water absorption capacity of LWCA does not differ too much from 
the estimated data either. There are also some more trials to verify the density as shown 
in Table 3.18. However, the measured density is always higher than target. 
The other two possible reasons are as follows: 
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3rd) Aggregates may be crushed by blade, thus decreasing concrete volume and 
increasing concrete density  
4th) If cement and LWFA mixed first followed by adding water, cement powder may be 
absorbed by voids in LWFA 
Thus, different mixing sequences of components are tried to investigate density variation. 
The apparatus for density check is shown in Figure 3.34 and 3.35. The results and 
discussion are summarized in Table 3.19. It is seen that LWFA may be crushed by steel 
fiber under rotation of blade. The verification of this preliminary conclusion is conducted 
by another type of mixer: drummixer (see Figure 3.36). There is neither blade rotation 
nor very close distance between rotating blade and container in drummixer, thus 
excluding possibility of LWFA crushed by steel fiber under rotation of blade. 
The results of density check by drummixer are summarized in Table 3.20~3.22. It is 
shown than target and demould density are very close by drum mixer. 
From the above density check, it is concluded that lightweight and weak expanded glass 
granules may be crushed by steel fiber under rotation of blade of mixer, especially when 
the gap between rotating blade and container is in the same order of magnitude with 
aggregate size. For concrete mix with weak LWFA and steel fibers, rotary mixers, e.g. 
drum mixer, are recommended if segregation of heavy fibers can be prevented. If 
stationary mixers with rotating blade, e.g. pan mixer or Hobart mixer, is used, the 
lightweight aggregate with critical size (the size is similar with gap between rotating 
blade and container) should be added in after fibers and cement paste mix well. It is also 
recommended that the lightweight aggregate not mix a long time in the mixer. 
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Lightweight aggregate normally possess low strength and is weak. Cautions should be 
made when mixing lightweight aggregate. 
3.4.2 Fiber-reinforced LWAC (FL) Development 
The cement paste volume of FL3 is 33% and not enough to wrap all of the aggregates as 
shown in Figure 3.37. Seven-day strength is 13.7N/mm2 and 28-day strength is 14.1 
N/mm2 only. Thus, cement paste volume is increased for further trials. And water cement 
ratio is also reduced even lower with assistance of high performance superplasticizer 
ADVA® 108. Details of all the trial mixes are summarized in Table 3.23. Improvement 
can be compared in Figure 3.38. The finalized FL mix design can be used for the 
lightweight sandwich composite system (Appendix Table III.15). 
Tensile strength of PL and FL is obtained by testing on direct tensile specimen. Two 
OMIGA gauges with gauge length of 150mm were attached at two side surfaces of the 
bone specimen to measure the elongation. To prevent possible break at neck position, 
wire meshes were put inside the specimen to strengthen the neck position, as shown in 
Figure 3.39. This makes the elongation or crack take place at central part of bone 
specimen and be measured by OMIGA gauges. Test set-up and failure modes are shown 
in Figure 3.40. The materials properties are shown in Table 3.24 and Figure 3.41~3.43 
3.4.3 Concluding Remarks 
For mixing of steel-fiber reinforced LWAC, lightweight and weak expanded glass 
granules may be crushed by steel fibers under rotation of blade of mixer. It is 
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recommended that the lightweight aggregate be added in after steel fibers and cement 
paste mix well. And lightweight aggregate should not be mixed a long time in the mixer 
to minimize possible crushing. 
Low water cement ratio can be achieved by assistance of high performance 
superplasticizer. Expanded glass granules mix well with the other components with the 
proposed grading. Workability and quality of the fresh concrete are good. Tensile 
strength of the concrete is obtained by testing on direct tensile specimen. To ensure 
elongation can be measured in center part where OMIGA gauges are attached, wire 
meshes can be put inside the specimen to strengthen the neck position and prevent 
possible neck break. Mechanical properties of hardened concrete are tested. It is shown 
that the proposed fiber-reinforced LWAC is suitable for the lightweight sandwich 
composite system. 
3.5 Summary 
Expanded clay type of lightweight coarse aggregate and expanded glass type of 
lightweight fine aggregate are selected for lightweight aggregate concrete development. 
Properties of the fiber-reinforced LWAC show that the developed lightweight aggregate 
concrete reinforced by hook-ended steel fibers satisfies requirements based on the 
comparison studies. Hook ended steel fibers show superior properties than the other two 
types of fibers and is recommended in fiber-reinforced LWAC application. One percent 
volume fraction dosage is recommended if cost is taken into consideration. 
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Addition of steel fibers improves lightweight concrete from brittle behavior to pseudo-
ductile behavior both under compression and split tension. Fiber reinforced LWAC also 
increases tensile, flexural strength and energy absorption capacity compared to plain 
LWAC. The improved properties of higher tensile strength, pseudo-ductility and higher 
energy absorption capacity are essential to satisfy the strength, fatigue and impact 
performance for steel-concrete-steel composites subject to severe loading conditions. 
Regression models are obtained for both plain LWAC and fiber reinforced LWAC with 
reasonable values of coefficient of determination based on fatigue test results. From the 
regression lines, it is demonstrated that fatigue strength (endurance limit at 2×106 cycles) 
of plain LWAC is 0.55 that of corresponding static strength while that of fiber reinforced 
LWAC is 0.70. Fatigue strength increase is more than 30%. Regression analysis of 
fatigue test results shows potential of better fatigue performance of fiber reinforced 
LWAC than that of plain LWAC, which means that fiber reinforced LWAC shows larger 
value of fatigue life at the same stress level than that of plain LWAC and shows larger 
value of fatigue strength at identical fatigue life. 
Comparison of the three types of developed lightweight concrete is shown in Table 3.25. 
It is demonstrated that FL concrete with expanded glass granules has the highest values 
of Elastic modulus/ density or strength/density ratio. Based on the conclusions in Chapter 
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Table 3.1 Properties of Liapor lightweight coarse aggregate (LWCA) 
Availability Characteristics 
Class Grain size (mm) Bulk density (kg/m3) Grain density (g/cm3) 
Liapor 5 4/8 and 8/16 500±25 0.90~1.00 
Liapor 6 4/8 and 8/16 600±25 1.05~1.15 
Liapor 6.5 4/8 650±25 1.10~1.35 
Liapor 7 4/8 and 8/16 700±25 1.25~1.35 
Liapor 8 4/8 and 8/16 800±25 1.45~1.55 
Liapor 9.5 4/8 950±25 1.70~1.95 
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Table 3.2 Properties of steel fibers 









Hard drawn, glued together in bundles Hook- ended 30 0.55 55 1100 200 
Hard drawn, loose form Straight 13 0.2 65 2600 200 
Table 3.3 Mix proportion of lightweight aggregate concrete (LWAC) 
Mix proportions: kg/m3 Mix 
No. 
W/C
* Type of fibers 
Fiber volume fraction 
(% of concrete) Water Cement Fine aggregate Coarse aggregate Fiber 
1 0.5 -- 0 210 420 746 340 0 
2 0.5 Hook-ended 1.0 210 420 720 340 78 
3 0.5 Straight 1.0 210 420 720 340 78 
(*W/C: water/cement ratio) 
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Table 3.4 Typical loading frequencies of fatigue tests from literature 
References Specimen size Frequency (Hz) 
Oh, 1991 100mm×100mm×500mm prism 4 
Naaman and Hammoud, 1998 100mm×100mm×400mm prism 5 
Singh and Kaushik, 2000 100mm×100mm×500mm prism 12 
Ramakrishnan and Panchalan, 2003  76mm×102mm×406mm prism 20 
Singh et al, 2005  100mm×100mm×500mm prism 20 
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Table 3.5 Static properties of LWAC 
Concrete Mix 


























PC-1 1749 27.11 — 4.15 
PC-2 1753 27.48 — 3.51 1 
PC-3 1742 24.61 2.88 3.51 
3.72 26.40 1748 
F-1 1775 28.51 — 4.23 
F-2 1768 27.80 — 3.51 
F-3 1794 28.03 3.72 3.56 
2 
F-4 1761 28.25 — 3.99 
3.82 28.15 1775 
3 F-5 1783 30.32 4.00 4.66 4.66 30.32 1783 
 
(* 1 denotes Plain LW
fiber.) 
(Data are the average of thr
AC; 2 denotes Fiber reinforced LWAC with hook-ended fiber; 3 denotes Fiber reinforced LWAC with straight 
ee specimens except for modulus of rupture of concrete Mix No. 3 with 6 specimens) 




Toughness indices Residual strength factor
Concrete Mix No. Demold density (kg/m3) 
Compressive strength 
(N/mm2) I5 I I R10 20 R5,10 10,20 
2 (with hook-ended fibers) 1775 28.15 4.79 9.44 16.57 92.88 71.29 
3 (with straight fibers) 1783 30.32 5.04 8.92 14.40 77.57 54.80 
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PC-3-4* 3.348 9379 3.97 
PC-2-4 3.348 11709 4.07 
PC-1-7 
0.9 
3.348 14503 4.16 
4.07 11678 
PC-1-6 2.976 44472 4.65 
PC-2-5 2.976 84069 4.92 
PC-3-5 
0.8 
2.976 108156 5.03 
4.87 73564 
PC-3-6 2.604 84354 4.93 
PC-1-5 2.604 152806 5.18 
PC-1-4 
0.7 
2.604 204522 5.31 
5.14 138038 
(*Note: PC-3-4, PC denotes plain LWAC, the first number is batch number of concrete, 
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F-2-4* 3.438 225181 5.35 
F-4-7 3.438 55239 4.74 
F-3-5 3.438 13584 4.13 
F-3-6 3.438 15959 4.20 
F-4-8 
0.9 
3.438 205885 5.31 
4.75 56090 
F-4-4 3.056 50877 4.71 
F-2-6 3.056 144106 5.16 
F-1-4 3.056 420818 5.62 
F-3-4 3.056 58983 4.77 
F-4-6 
0.8 
3.056 89001 4.95 
5.04 110124 
F-2-5 2.674 540611 5.73 
F-1-5 2.674 604253 5.78 
F-1-6 2.674 2246234 6.35 
F-4-5 
0.7 
2.674 471946 5.67 
5.88 767119 
(*Note: F-2-4, F denotes fiber reinforced LWAC, the first number is batch number of 
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SF1 Steel 0.38 30 7.8 2300 200 79 Hook-ended 
SF2 Steel 0.2 13 7.8 2600 200 65 Straight 
PVAF1 PVA 0.66 30 1.3 900 23 45 Straight 
Table 3.10 Mix proportion of LWAC with AEA 
Mix proportions: kg/m3 














SF1-2** 0.35 225 325 325 270 30 156 (2%) 25 1330 
SF1-1 0.35 255 360 360 300 35 78 (1%) 17 1385 
SF2-1 0.35 255 360 360 300 35 78 (1%) 17 1390 
PVAF1-2 0.35 235 335 335 275 30 26 (2%) 23 1230 
PVAF1-1 0.35 245 350 350 290 30 13 (1%) 20 1270 
(*W/C: water/cement ratio. 
**SF1-2, the 1st number indicates fiber type, the 2nd number indicates fiber volume 
fraction in concrete. 
*** OPC: Ordinary Portland Cement) 

















SF1-2 1400 14.7 21.6 20.1 3.3 8.6 0.20 
SF1-1 1405 19.1 24.2 18.4 3.3 10.5 0.24 
SF2-1 1440 19.3 23.4 20.1 3.2 10.8 0.25 
PVAF1-2 1270 15.2 20.2 18.0 1.8 8.7 0.25 
PVAF1-1 1305 18.9 20.6 17.4 2.0 9.4 0.23 
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Table 3.12 Comparison of static flexural strength and toughness of LWAC with AEA 
Batch No. PVAF1-1 SF1-1 SF2-1 PVAF1-2 SF1-2 
Average static flexural strength fr (N/mm2) 2.33 4.53 2.88 2.69 6.70 
Average toughness*  T100,2.0  (N*m) 11.76 25.35 8.10 15.34 37.18 
(*up to 2mm) 

















PVAF1-1-3 3889 3.59 crack when test starts 
PVAF1-1-2 1322 3.12 1st crack at 158 cycles 
PVAF1-1-1 816 2.91 
3.21 1613 
1st crack at 10 cycles, 2nd crack at 174 cycles 
PVAF1-2-2 51028 4.71 1st crack at 1112 cycles 
PVAF1-2-3 3687665 6.57 1st crack at about 520K cycles 
PVAF1-2-1 1033915 6.01 
5.76 579449 
1st crack at about 200K cycles 
SF2-1-1 447 2.65 1st crack at 400 cycles 
SF2-1-2 105 2.02 1st crack at 87 cycles 
SF2-1-3 184 2.26 
2.31 205 
1st crack at 156 cycles 
SF1-1-2 1583990 6.20 1st crack at about 57K cycles 
SF1-1-3 2345357 6.37 
6.28 1927439 
1st crack at about 110K cycles 
SF1-2-2 2001414 6.30 no crack 
SF1-2-4 2084271 6.32 no crack 
SF1-2-3 2000000 6.30 
6.31 2028183 
no crack 
(* All the specimens are subject to the same stress range  
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Table 3.14 Comparison of cost for LWAC with AEA 
Fiber Type Steel PVA Concrete Type Normal weight LWAC 
Density (kg/m3) 7800 1300 Density (kg/m3) 2300 1200 
Unit cost (S$/kg) 6.5 45 Cost (S$/m3) 70 140 







Cost (S$/m3) 647 1154 725 1310 
Table 3.15 Comparison of Performance/ Cost index of LWAC with AEA 
Batch No. SF1-2 SF1-1 SF2-1 PVAF1-2 PVAF1-1 
(f/cost) ×1000 5.81 7.00 4.44 2.05 3.22 
(T100,2.0/cost) ×1000 32.22 39.19 12.52 11.71 16.22 
Performance/
Cost index 
(Log10 (Nf)/cost)×1000 5.47 9.73 3.69 4.73 4.56 
Table 3.16 Properties of expanded glass granules 
Sizes (mm) Bulk density (kg/m3) Grain density (kg/m3) 
0.25 – 0.5 300 540 
0.5 – 1 250 450 
1 - 2 220 350 
2 - 4 190 290 




























FL1-1 1620.6 606.6 1014 1598 26.56 -- -- 
FL1-2 1603.6 599.2 1004.4 1597 28.92 -- -- 
FL1-3 1621.4 608.1 1013.3 1600 -- 1616 32.96 
FL1-4 1611.8 605.8 1006 1602 -- 1619 34.39 
Average -- -- -- 1599 28 1618 34 
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)2()3(   Remarks  
LWFA + cement, water, LWCA, SF 1140 1660 46% Not so reliable for casting transferred from one broken mixer to another one. 
LWFA + cement, water, LWCA, SF 1260 1631 29% Calculate 4 sizes of LWFA separately. However, density difference remains high. 
Cement + water, LWFA(0.25-0.5, 0.5-1, 
1-2mm), SF, LWFA (2-4mm), LWCA  1440 1542 7% 
Although density difference is lower than 
above two trials, it is still beyond normal range. 
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)2()3(   Remarks 
LWAC 1185 1174 -1% 
Target and measured densities are very close without 
steel fibers. Blade alone does not crush aggregate 
significantly. Exclude 3rd possible reason. 
LWFRC* 
(Cement+water, LWFA) 
1252 1391 11% 
LWFRC 
(Cement+LWFA, water) 
1252 1376 10% 
Changing casting sequence of cement, water and 
LWFA does not affect density. Exclude 4th possible 
reason. 
LWFRC (No LWCA) 1414 1491 5% 
LWFRC (No LWFA) 1562 1599 2% 
Because LWCA is stronger than LWFA, LWFA may 
be crushed more than LWCA when mixing. 
LWFRC 
(Steel fiber reduced to 0.5%) 
1219 1241 2% 
When steel fiber dosage reduced from 1% to 0.5%, 
density difference is decreased by 8%. LWFA may 
be crushed by steel fiber. 
LWFRC 
(cement increased by 100/m3) 
1300 1459 12% Increasing cement paste does not decrease density difference. 
(*LWFRC: lightweight fiber-reinforce concrete)
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Table 3.20 Density check for FL3 by drummixer 
















FL3-1 1234.7 248.5 986.2 1252 
FL3-2 1242.9 248.7 994.2 1250 
FL3-3 1255.3 252.6 1002.7 1252 
FL3-4 1221.8 221.1 1000.7 1221 
FL3-5 1214.1 246.2 967.9 1254 
FL3-6 1230.2 240.6 989.6 1243 
Average -- -- -- 1245 
Table 3.21 Density check for FL4 by drummixer 
















FL4-1 1339.6 344.4 995.2 1346 
FL4-2 1333.1 332.1 1001 1332 
FL4-3 1347.9 345.8 1002.1 1345 
FL4-4 1333.6 335 998.6 1335 
FL4-5 1343.1 338.2 1004.9 1337 
FL4-6 1333.1 342.9 990.2 1346 
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)2()3(   Remarks 
LWFRC (FL3) 
(500kg/m3 cement) 
1252 1241 -1% 
Cement paste not sufficient 
to wrap all of LWCA and 
LWFA. Cement usage 
should be increased. 
LWFRC (FL4) 
(600kg/m3 cement) 
1340 1340 0% -- 
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Table 3.23 FL trials (see Appendix III for detailed mix proportioning design) 














FL3 1250 1252 1245 14 -- 
FL4 1340 1357 1340 20 -- 
FL5 1418 1440 1396 21 -- 
FL6 1379 1398 1413 23 -- 
FL1 1250 1293 1600 28 
0.35 
FL2 1148 1148 1660 33 
Real density much higher than target because of 
lightweight aggregate crush 
FL7 1426 1426 1340 20 -- 
0.25 
FL9 1422 1455 1237 16 Segregation problem 
FL10 1398 1429 1336 23 -- 
FL12 1426 1511 1379 24 Segregation problem 0.22 
FL13 Same dosage of ADVA108 as Hobart mixer for yellow pan mixer, but it is too wet and too flowable, steel fiber can not separate and disperse 
FL8 1428 1444 1404 23 -- 
FL11 1396 1488 1789 52 Real density much higher than target because of lightweight aggregate crush 0.2 
FL14 1408 1491 1446 27 -- 
(*W/C: water/cement ratio)
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Table 3.24 Mechanical properties of FL and PL 
Concrete type  
(Density in kg/m3) Properties of Concrete Specimen size (mm) and shape 
PL (1350) FL (1440) 
Cube compressive strength (N/mm2) 100×100×100 cube 24 30 
Cylinder compressive strength (N/mm2) Φ100×200 cylinder 24 28 
Static flexural strength (N/mm2) 100×100×400 prism 1.8 4.5 
Direct tensile strength (N/mm2) 100×100×500 bone 0.9 1.7 
Elastic modulus (kN/mm2) Φ100×200 cylinder 11.7 12.3 
Poisson's ratio Φ100×200 cylinder 0.235 0.217 
 
Table 3.25 Comparison of the developed lightweight concrete 
Parameters LWAC LWAC with AEA FL 
Specific gravity, d 1.8 1.4 1.4 
Elastic modulus, E (kN/mm2) 14 10 12 
fcu (N/mm2) 28 23 30 
E / d 7.78 7.14 8.57 




















Figure 3.1 Bridging Mechanism of fibers in concrete 
 
  
Figure 3.2 Comparison between S–N curves for plain and SFRC (0.5% and 1.0% fiber 
content) under flexural loading (Lee and Barr, 2004) 
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Figure 3.3 Expanded clay type of lightweight coarse aggregate (LWCA) 
     
       (a) LWAC vs. normal-weight concrete                         (b) LWAC 
Figure 3.4 Failure modes of concrete cube specimen under compression 
 
  
Figure 3.5 Steel fibers (30mm-length hook-ended and 13mm-length straight) 
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Bed of testing machine
 
Figure 3.6 Schematic view of static flexural test 
 
           
  Load cell 
   Support  
  Loading-applying blocks 
        ①                      ②   ③                    ④ 
                      Displacement transducers  





Figure 3.7 Test apparatus for static flexural test of concrete prism in laboratory 
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Figure 3.9 Fatigue load history and symbols 
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3Plain LWAC SFRC (30mm hook-ended) SFRC (13mm straight) 
 
Figure 3.11 Comparison of static flexural strength between plain LWAC and fiber 
reinforced LWAC 
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3SFRC (13mm straight)SFRC (30mm hook-ended)Plain LWAC 
 
Figure 3.12 Comparison of splitting tensile strength between plain LWAC and fiber 
reinforced LWAC 
 
Figure 3.13 Failure mode of splitting tensile strength test for plain LWAC 
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Figure 3.14 Failure mode of splitting tensile strength test for fiber reinforced LWAC 
 
Figure 3.15 Ductile failure of fiber-reinforced LWAC cylinder 
 
 - 111 -
Chapter 3                                                                                             Development of Lightweight Concrete 
 
 
















SFRC ( 13mm straight )
SFRC ( 30mm hook-ended )
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Figure 3.17 Comparison of toughness related parameters between fiber reinforced LWAC 
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Figure 3.18 Regression models of fatigue test results for plain LWAC and fiber 
reinforced LWAC 
  
Figure 3.19 Configuration of steel fibers (30mm hook-ended and 13mm straight) 
 
Figure 3.20 PVA fibers (30mm straight) 
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Figure 3.21 Arrangement to obtain net deflection by using two transducers mounted on 
jig secured to specimen directly above supports (ASTM C1609/C1609M-05, 2005) 
 
Rectangular jig
Figure 3.22 Measurement of net deflection by rectangular jig 
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Figure 3.24 Load-deflection curve for batch PVAF1-2 (PVAF1-2-6) 
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Figure 3.26 Load -deflection curve for batch SF1-2 (SF1-2-6) 
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Figure 3.28 Comparison of load-deflection curves of LWAC with AEA up to 2 mm 
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Figure 3.30 Comparison of static flexural strength for LWAC with AEA 
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                    (a) Size: 0.25~0.5mm                                   (b) Size: 0.5~1mm 
     
              (c) Size: 1~2mm                                           (d) Size: 2~4mm 
Figure 3.31 Lightweight fine aggregate - expanded glass granules 
 
                         
Figure 3.32 Lightweight fine (size: 2-4mm) and coarse aggregate (size: 2-10mm) 
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Figure 3.34 Container for dens , self-weight: 20.4 g 
 
ixer for trial mix Figure 3.33 Hobart m
 
ity check: containing capacity: 804 ml
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Figure 3.35 Hobart mixer, batch weight of concrete volume about 2 liter 
 
    
Figure 3.36 Drummixer used for verification of lightweight concrete density 
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Figure 3.37 Cube specimen of FL3 after demould 
   
                          (a)  FL3                                                             (b) FL14 
Figure 3.38 Cube specimens of FL3 and FL14 after compression failure 
 
 
Figure 3.39 Mould and wire mesh for bone tensile specimen 
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(a) Dimensions (mm)        (b) Set-up    (c) Center crack of FL    (d) Tensile fracture of PL 
































Figure 3.41 Stress strain curves of FL and PL in compression 
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(b) FL concrete                          
Figure 3.42 Stress strain curves of FL and PL in tension 
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(b) FL concrete 















In the conventional steel-con crete composite structures, mechanical connectors can be 
easily attached to the steel beam by welding them on the top flange of steel beam before 
casting concrete slab. However, for connectors in SCS sandwich structures, welding 
accessibility is one of the challenges due to closed forms of sandwich beam and panel. 
One type of connectors already in use for SCS sandwich construction is overlapping 
headed shear studs (Tomlinson et al, 1989). They are welded to each steel face plates in 
different horizontal projective positions which can make them overlap in a certain length 
in its lengthwise direction without touching each other, as shown in Figure 4.1 (a) 
(Shanmugam et al, 2002). This type of connector can make the two steel face plates and 
concrete core constitute integrity, but its composite interaction is not so strong since there 
is only connection between concrete and steel plates linked by connectors and no direct 
connection between the steel face plates.  
Another type of connector, used in the so called "Bi-steel" (Bowerman et al, 2002), is a 
steel bar, both ends of which are friction welded simultaneously to two steel face plates, 
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as shown in Figure 4.1 (b) (Xie and Chapman, 2006). This type of connector provides 
direct connection between steel face plates but the core depth must be at least 200mm 
(Bowerman et al, 1999) for installation of the connectors. 
The followings are some types of novel connector candidates to be used in SCS sandwich 
structures. 
The concept of confined sandwich structure is to make concrete subject to three-
dimensional compressive status by pre-loaded confinement and peripheric confinement to 
enhance its strength indirectly, thus utilizing excellent compressive strength of concrete 
and tensile strength of steel and making them a harmonious integrity. The main objective 
of confinement is to minimize concrete’s brittleness if concrete is to be used in marine 
and offshore structures. 
For confined sandwich test, bolt-confined and combined-confined shear studs are 
proposed to improve ductility and to enhance fatigue and impact performance of 
sandwich panels, see Figure 4.2. Expansive concrete is to be employed to generate a 
controlled volume expansion, thus introducing confining force to concrete through tight 
interaction between concrete core and peripheral steel confinement. Comparison studies 
on ductility improvement and fatigue performance will be made between these novel 
types of sandwich and conventional sandwich panel. 
For combined-confined sandwich panel, a welding process called stud welding may be 
preferred. This type of welding process is to heat the parts by means of an arc, melting 
the surfaces to be joined, and then pressing the bolt or stud into position with a special 
welding gun. The process is shown in the Figure 4.3 (Weman, 2003). 
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Besides providing confining force to infill concrete and inhibiting its crack initiation and 
propagation, the confinement has another effect: the preloaded force of the shear 
connector can also provide pressure force on the interface between steel face plates and 
concrete core, thus inhibiting slip and increasing interfacial bonding strength on the 
interface between steel face plates and concrete core. 
For non-adhesive bonded steel-concrete-steel sandwich panels, relying only on roughness 
treatment of steel face plates may not be sufficient for interfacial bonding and composite 
interaction of sandwich. To improve efficiency of SCS sandwich panel both in static and 
fatigue, composite interaction is required between the core and surface skins. This can be 
promoted using steel with textured surfaces. However, these textured surfaces are in the 
form of embossment or mat and composite interaction limit to only a thin layer near the 
interface. Thus, methods to promote both interfacial bonding and composite interaction 
are proposed. These are achieved by two types of ‘bond connector’: ‘root connector’ and 
‘wave connector’. 
Figure 4.4 shows the schematic view of 3-dimentional ‘root connector’. Some connectors 
are welded to the top plates and others welded to the bottom plates. Then they are put 
together and concrete is cast. So the connectors save use of temporary supports or 
separators to keep the two plates apart for casting. The diameter of connector may range 
2~6 mm and spacing may range 30~50 mm. Compared to normal shear connector 
(diameter ranges 12~22 mm; spacing ranges150~200 mm), the 30~50 mm of connector 
spacing is more effective to prevent shear crack. The smaller diameter of 2~6 mm may 
also save the total weight of connectors. If steel fiber reinforced concrete is used as core 
material, the SCS sandwich is more effective for both interfacial bonding and composite 
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interaction because interlock and network can be achieved between core and face plates. 
Figure 4.5 (a) shows the assembly of the connector welded plates. Another relatively 
simple connector is 2-dimensional ‘root connector’, as shown in Figure 4.5 (b). This type 
of ‘root connector’ can save work than 3-dimentional ‘root connector’ but composite 
interaction is not as good as 3-dimentional ‘root connector’. 
The other type ‘bond connector’ is ‘wave connector’ as shown in Figure 4.6.  The idea 
comes from textured surface of wavy wires, which put the surface attached wavy wire to 
vertical direction and achieve composite interaction between concrete core and steel face 
plates. The vertical wavy wires run both longitudinal and transverse directions. Figure 4.7 
shows the assembly sequence of ‘wave connector’. Like ‘root connector’, some ‘wave 
connectors’ are welded to the top plates and others welded to the bottom plates. Then 
they are put together and concrete is cast. These connectors also save use of temporary 
supports or separators to keep the two plates apart for casting. The diameter of connector 
ranges 2~6 mm and spacing ranges 30~50 mm. 
Figure 4.8 shows ‘expansion bolt’. Inspired by this, an idea of joining-up connector 
comes into being, as shown in Figure 4.9. The connector consists two parts: clamping 
tube and insertion piece.  The connection of these two parts is generated by clamping 
force of clamping tube and pawl on the insertion piece. This type of connector is like 
male-female connections in industrial applications. 
To connect the steel plates welded with joining-up connectors, position aid is needed as 
shown in Figure 4.10. By position aid, weld tubes on one steel plate can match insertion 
pieces on the other plate. The construction procedure of panel is: 1) weld tube to bottom 
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plate and insertion piece to top plate; 2) connect the two plates; 3) concrete casting (OR 
casting first then connect). The connected steel plates with connectors can serve as 
framework for concrete casting, thus saving use of temporary supports or separators for 
casting and reducing construction time. Another advantage of this mechanical connector 
is it can sustain both vertical compression and tension, more effective than conventional 
overlapping connector. 
To develop lightweight SCS sandwich construction, innovation of connectors is 
requested to satisfy requirements on three aspects: (1) welding accessibility, (2) direct 
connection between two steel face plates and (3) adaptability to thinner core depth (i.e., 
for depth less than 100 mm). To overcome difficulty in inaccessibility of welding, 
connectors can be in a "separated" form, which can make them be welded to individual 
steel face plate before being assembled together. To connect the two steel face plates, 
interlock by perpendicular hooks can be applied. The core depth can also be tailored by 
adjusting the length of the hooks. Potential thinner depth of the proposed SCS sandwich 
system together with the use of lightweight concrete core may lead to considerable 
overall weight reduction which will make it competitive in marine and offshore 
applications. Based on comparison studies (Dai et al, 2006), the thickness of steel face 
plate can be in a range of 6 to 8mm. The depth of concrete core can be determined if its 
value of elastic modulus is known or vice versa. The proposed hooked connector based 
on 80mm core depth is shown in Figure 4.11. The nominal thickness of top steel face 
plate, concrete core and bottom steel face plate are thus 6mm, 80mm and 6mm 
respectively. 
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4.2 Analytical Studies 
In the theoretical analysis of SCS cross section, assumption is made that tensile strength 
of concrete is ignored in determining the position of neutral axis and calculation of its 
flexural resistance. Based on derivation method in section 2.3 and Figure 2.20, the 
following equilibrium equation can be obtained for steel face plates with different 
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The position of the neutral axis, z, measured from the underneath of the compression steel 
plate, is thus calculated as: 

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where csE EE /  is the ratio of elastic modulus between steel and concrete; tc and tt 
are the thickness of steel face plates subject to compression and tension respectively; hc is 
the concrete core thickness. 
The flexural resistance of a SCS cross section can be determined by taking moments 
about the action line of the concrete compressive force.  A linear distribution of the 
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where fc and ft are stresses at the compression and tension plate respectively;  B is width 
of the steel plate. 
Once the position of the neutral axis is known from Equation (4.5) and assuming linear 
distribution of stress throughout the depth , the stress in the compression plate, fc, can be 
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For SCS sandwich member with partial strength connectors, the tension force in bottom 
steel plate can be replaced with the shear resistance force provided by the group of 






























tznPM           (4.8) 
where  is the shear resistance of the hooked connector. A series of push out tests were 
carried out on 10-mm hooked connectors embedded in FL and PL concrete to determine 
RkP
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the connector shear resistance.   = 24kN and 21kN were obtained for hook connector 
embedded in FL and  PL concrete, as shown in Table 6.2. 
RkP
nP
The above analysis is based on partial composite theory: the shear force is taken by the 
lesser of tension force on bottom steel plate and total shear capacity by all the connectors. 
When the total shear capacity by all the connectors is larger than tension force on bottom 
steel plate, the steel plate yields before connectors fail. Full composite action is achieved. 
However, when the total shear capacity by all the connectors is less than tension force on 
bottom steel plate, the shear force is resisted by the total shear capacity of all the 
connectors, as shown in Equation (4.8). Connectors fail before steel plate yields. Partial 
composite action develops. The flexural moment resistance of a SCS sandwich member 
is thus controlled by either the tensile resistance of the bottom steel plate,  or the 
shear resistance of the connectors, , whichever is smaller. 
tt Btf
Rk
For SCS sandwich beams with connectors, diagonal shear cracks may occur in the 
loading process. Shear cracks can be characterised by the formation of diagonal cracks 
between the adjacent connectors or between the loading point and the adjacent shear 
connector. Shear cracks may also develop as a continuation of flexural cracks. It is 
recommended that for thin depth beam, the spacing of shear connector should be at least 
equal to the core thickness to prevent concrete shear failure, to bridge diagonal shear 
cracks and to develop effective strut-tie action as in the truss model. Similar 
recommendations are also given in the SCS sandwich and Bi-steel design guide 
[Narayanan et al., 1994; Bowerman et al,1999]. 
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4.3 Test Specimens 
The first SCS sandwich was proposed for the Conwy submerged tube tunnel construction 
(Tomlinson et al, 1989). The plates were to be connected by welding overlapping headed 
shear studs. Until now, only one provisional SCS sandwich design guide has been 
published (Narayanan et al, 1994). According to this design guide, the maximum 
connector spacing is the less of four times of stud height and three times of the thickness 
of concrete core which are 200mm and 240mm respectively. The minimum connector 
spacing is 1.5 times of the stud diameter plus the maximum aggregate size, which is 
1.5×10+10=25mm.  




s                 (4.9) 
where s is spacing of connector in the compression steel plate; tc is  thickness of 
compression steel plate 
Due to weight consideration, connector diameter is set as 10mm which is smaller than 
25mm diameter for conventional headed shear stud.  To investigate structural behavior of 
hooked connector rather than steel plate, the connector should be allowed to fail before 
yielding of steel face plate. This could be achieved by design the SCS beam as partially 
composite with 100mm spacing of connectors. This spacing also satisfies the above 
requirements. There are totally 11 rows of connectors evenly distributed along length of 
the beam, with five rows on both left and right side of central row of connectors. The 
 - 134 -
 Chapter 4                                                                                                                     Static Behavior of SCS 
 
connectors can thus be denoted by its position and a serial number counted from near the 
central row of connectors. For example, L-1 denotes connectors on left side of and closest 
to central row of connectors while R-5 denotes connectors on right side and closest to 
beam end. The minimum connector cover is largest value of the following: 50mm, the 
aggregate size and the stud size. These conditions lead to a minimum connector cover of 
50mm. 
Based on FL concrete developed in Chapter 3 and comparison method in Chapter 2, the 
SCS sandwich profile is set as 6mm/80mm/6mm. According to the above limitations and 
requirements, the length, width and overall thickness of SCS composite beam are 
1200mm, 250mm and 92mm respectively. The steel for fabrication of hooked connector 
is cold drawn round bar with ultimate tensile strength 610N/mm2. Steel plate is grade 
S275JR according to the specification of Eurocode (EN 10025-2, 2004). The tested yield 
strength is 350N/mm2 and ultimate tensile strength 500N/mm2. Coupons for material test 
and stress-strain curve are shown in Figure 4.13.  
Three beams, P1, P2 and PP, are tested statically. First letter “P” denotes plain steel-
concrete interface. P1 and P2 were cast with FL concrete while PP was cast with PL 
concrete. These statically tested beams are aimed to provide information on static 
behavior SCS sandwich composite and also used as static reference for further fatigue 
tests.  
4.4 Test Setup and Instrumentations 
All beams were tested under four point loading flexure over a span of 1100 mm, as 
shown in Figure 4.14 and Figure 4.15. Both ends of the beam were simply supported on 
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pin rocker bearing of 100mm wide with one end fixed and the other movable by roller. A 
two-point load spreader beam was used to transfer the applied load. A pin rocker bearing 
was applied above center of beam between upper surface of spreader beam and 
underneath of load transfer column. Two half-rocker, with length larger than width of the 
beam, were set apart at underside of spreader beam with a fixed distance of one third of 
beam span to apply load along width direction of beam. The steel rods in the groove of 
half-rocker can rotate freely but can not move horizontally.  
For two middle-third points loading configuration, maximum deflection occurs at mid-
span based on elastic beam theory. Thus, two linear variable displacement transducers 
(LVDTs) were placed evenly along width direction of bottom center of the beam to 
measure the deflection. Another four LVDTs, two evenly distributed along width 
direction at each end of beam, were also employed to measure support displacements. 
The difference between average of the two LVDTs at center and average of the four at 
both ends is thus net central deflection of the beam. There were also another two LVDTs 
applied under two loading points along longitudinal center line of the beam to track its 
deformation.  
Relative slip between steel face plates and infill concrete core on both top and bottom 
interface at both beam ends were measured, with the notation of L-b and R-b for bottom 
interface relative slips at left and right beam end respectively. The magnetic stand of 
LVDT for bottom slip measurement was put on top surface of rocker so that the LVDT 
can rotate together with beam ends, which is shown in Figure 4.16. This way can ensure 
that the movable stem of LVDT always be kept in contact and perpendicular to the cross 
section of both steel face plate and concrete core. Generally, positive value of 
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displacement is got when movable stem of LVDT protrudes while its retraction gives 
negative value. The relative slip at bottom steel-concrete interface is obtained by 
displacement of steel plate minus that of concrete core. For top slip measurement, only 
one LVDT is required with magnetic stand seating on upper face of top steel plate and 
movable stem of LVDT perpendicularly touching to concrete core, with the notation of 
L-t and R-t for top interface relative slips at left and right beam end respectively.  
Before casting the concrete, strain gauges were glued to the bottom hooked connectors 
located near the loading point, named L-2, and at end of the beam, named L-5 for 
selected specimens. There were also strain gauge, named SL, applied longitudinally at 
center point on upper face of top steel plate and rosette attached at center point to lower 
face of bottom steel plate for selected specimens. The directions of strain gauge in rosette 
were put longitudinally, diagonally and laterally to the beam with notation RL, RD and 
RW respectively. For selected fatigue test beams, a connector strain, namely R-4, was 
also applied to investigate connector behavior subjected to cyclic loads. A schematic 
view of the instrumentation provided is shown in Figure 4.17. 
4.5 Testing Procedures 
The experiments were performed in the structural laboratory of National University of 
Singapore. An MTS hydraulic actuator with a maximum capacity of 500 kN and a 
maximum stroke of ±125mm was used to apply both static and fatigue loads. A load cell, 
integrated into the actuator system, was used to take records of loads and control the test. 
All the measurement devices were connected to a data logger which was controlled by 
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one PC. Load cell is connected and controlled to another PC. These two units were 
integrated to form a computer-controlled automatic data acquisition and analysis system.  
The surface of concrete core was painted with whitewash for visual observation and 
recognition of cracks development. Load and displacements readings were monitored and 
recorded at each increment of displacement control. Periodical close observations were 
made to identify cracks development of concrete core and deformations of beam. The 
loads deflection behavior was monitored real-time to trace the progressive failure of the 
specimen and control the testing procedure. Static structural behavior such as deflections, 
relative slips, crack propagations and strains were recorded. The static load was applied 
using displacement control at a rate of 0.1 mm/min before peak load is reached. After that, 
the rate of displacement increment was increased slightly until failure occurs. 
4.6 Results and Discussions 
4.6.1 Load Deflection Behaviour 
For specimen PP, the beam deflection increased linearly with increase of load until 20kN 
where debonding occurred at the interface between the bottom steel plate and the 
concrete core. After this, the beam deflected at a slightly faster rate as shown in Figure 
4.19 (a).  Some shear cracks (in the form of diagonal cracks) were observed starting from 
the loading point and gradually propagated to the beam ends when the applied loads 
increased from 42kN to 49kN.  These cracks propagated through the concrete core at 
about 45 degree across connectors L-3, L-4 and L-5, as shown in Figure 4.18 (a). After 
the cracks appeared, the deflection increased at a faster rate with extension and widening 
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of these shear cracks.  Finally, the concrete core was broken into pieces of blocks. The 
concrete blocks between the connectors acted as inclined strut while the connectors 
behave more like ties subjected to both tension and shear from the push force of the 
concrete blocks.  Larger diagonal shear cracks developed in the plain concrete core for 
specimen PP, as shown in Figure 4.18 (b), contributed to larger beam deflection as 
compared to specimens P1 and P2 with fibre-reinforced concrete core. Finally, significant 
load drops occurred in the load deflection curve indicating the failure of the connectors.  
For beam P1, the deflection increased linearly with increase of load until debonding 
occurred at about 43kN at the bottom plate and concrete interface, which is accompanied 
by slight load drop on load deflection curve, as shown in Figure 4.19 (a). The load 
deflection curve continues in a linear manner with small shear crack developed near the 
loading points. Due to the addition of steel fibers, no other large shear cracks were 
observed.  Thus, only the shear cracks near the loading point were extended and widened 
with increase of load. When the shear cracks developed further to an extent that they 
were connected with the debonding crack at the bottom interface, the load ceased to 
increase while the deflection increase at a faster rate.  The fiber-reinforced concrete block 
pushed the group of connectors until they were fractured which is indicated by a sudden 
reduction of load, as shown in load-deflection curve in Figure 4.19 (b).  
The trend of load deflection curve of P2 is the same as that of P1 except that there are 
two slight load drops on its load deflection curve before the peak load is reached.  It can 
be observed from Figure 4.19 (b) that the maximum load carrying capacity of beams P1 
and P2 with FL concrete core is higher than beam PP with PL concrete core.  This is 
because steel fibers inhibit crack formation and delay crack propagation and thus increase 
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the ultimate resistance of the beam. The initial elastic stiffness of all the three beams is 
almost the same until debonding or shear cracks occur. The peak loads obtained from the 
tests are compared with the predicted maximum loads from Equation (4.8) in Table 6.3.  
The difference is within 6 percent.  
4.6.2 Load Slip Behaviour 
Figure 4.20 show the load versus the relative slip between the bottom steel plate and the 
concrete core. The maximum relative slips between the top plate and the concrete core 
were less than 1 mm for all the three beam specimens in the entire loading process. 
Relative slip at top steel-concrete interface is shown in Figure 4.20 (a). It is seen that top 
slips show positive values for beam infilled with FL, which means concrete core 
experienced retraction movement relative to top steel plate. Theoretically, top slip should 
also hold positive values for beam with PL concrete core. However, large shear cracks 
made concrete break into pieces of blocks which had the trend of sliding out of steel 
plates. This protrusion movement pushed the movable stem of LVDT. That is why 
negative values of top slip had been observed at higher load. Top slips R–t possess 
negligible values which was less than 0.1mm for all the three beams in the whole loading 
process. 
The relative slip was caused by flexural action leading to mismatch in the curvatures 
between steel face plates and concrete core, which result in debonding and separation at 
steel-concrete interfaces. Debonding cracks induce large relative slips between steel face 
plates and concrete core, which is reflected by nonlinear behavior of the load-slip curves 
as shown in Figure 4.20 (c). This is because of partial composite action, i.e., the number 
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of shear connectors provided was not enough to achieve full composite action. The 
gradual increase in relative slip leads to shear cracks in the concrete core. Extension and 
widening of shear cracks further reduce the effective beam stiffness which is reflected by 
the highly nonlinearity in the load deflection curve of the beam shown in Figure 4.19.  
Finally, the beams failed by connector fracture arising from the excessive deformation of 
the connectors.  Failure modes of SCS beams are shown in Figure 4.21. Connectors near 
beam ends were sheared off either at the shank or the weld by excessive deformation as 
shown in Figure 4.22 (a) and (b). Although not sheared off, connector near loading point 
experienced yielding and necking near weld collar as shown in Figure 4.22 (c). 
4.6.3 Strain Readings 
The variation of strains on steel face plates are shown in Figure 4.23. As expected, the 
maximum strains on both tension and compression steel face plates of beam cast with FL 
were larger than that cast with PL due to its larger load carrying capacity. For both types 
of specimens, the strains increase linearly with the load increment. Based on the strain 
gauge readings, no yielding was observed on the steel face plates. For all the beam 
specimens, the longitudinal principal strain on the tension face plate is larger than that on 
the compression face plate, SL, which means the neutral axis rises above the geometric 
centroid of beam cross section, giving higher tensile stresses to the bottom face plate. 
Figure 4.24 show the variation of strain on hooked connectors at different positions from 
commencement of loading to peak load.  It is seen that only negligible strains had been 
observed before debonding occurs, which indicated no significant loads had been applied 
on connectors. The strain on connector near beam end, L-5, underwent more sudden 
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increase than that near loading point, L-2. This implies more change of curvature occurs 
near beam end and L-5 is subject to more deformation. 
4.7 Summary 
Load deflection behavior and connector strain show that hooked connectors are effective 
in transferring shear force in SCS sandwich composite structures. Hook-ended steel fibers 
are effective to inhibit shear crack initiation and propagation.  
The failure mechanism of SCS sandwich member is found based on observations of static 
tests. It is indicated that the flexure causes mismatch in the curvatures between steel face 
plates and concrete core, which result in debonding and separation at steel-concrete 
interfaces. Debonding cracks induce relative slip between steel face plates and concrete 
core. Development of relative slip leads to shear cracks in concrete core. Extension and 
widening of shear cracks after a certain period cause excessive shear force and 
deformation on connectors which are fractured finally. Thus, failure is mainly caused by 
debonding and relative slip at steel-concrete interface, which lead to large shear cracks 
and fracture of connectors. It is thus proposed to adopt textured interface to improve 
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      (a) Overlapping headed shear studs                         (b) Connectors in Bi-steel element 
                (Shanmugam et al, 2002)                                       (Xie and Chapman, 2006) 
Figure 4.1 Existing connector forms in SCS sandwich construction 
oval head or socket button head
bolt
nut
(a) bolt-confined sandwich panel
steel face plates
expansive concrete core expansive concrete core
steel face plates





Figure 4.2 Proposed confinement methods for confined sandwich panel 
 
Figure 4.3 Stud welding process (Weman, 2003) 
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Figure 4.4 Schematic view of 3-dimentional ‘root connector’ (unit: mm) 
 
   
(a) 3-dimentional     (b) 2-dimensional 
Figure 4.5 Assembly of ‘root connector’ (unit: mm) 
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Figure 4.7 Assembly of ‘wave connector’ (unit: mm) 
 
Figure 4.8 Expansion bolt 
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(a) Isometric view                                           (b) Elevation view 
Figure 4.9 Mechanical joining-up connector (unit: mm) 
   
                   (a) Single connector                                          (b) Panel 
Figure 4.10 Assembly of mechanical joining-up connector 
         
(a) Elevation view                                     (b) Isometric view 
 Figure 4.11 Profile of 10mm-diameter hooked connector (unit: mm) 
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Figure 4.12 Diagram of SCS cross section 
 
(a) Coupons for material test 
 - 147 -
 Chapter 4                                                                                                                     Static Behavior of SCS 
 
 
(b) Stress-strain curves for connectors and steel face plates 
Figure 4.13 Material properties of steel connectors and steel face plates
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Relative slip : L - t Relative slip : R - t
Connector strain : R - 4
Relative slip : R - bRelative slip : L - b
 
Figure 4.14 Schematic view of beam test set-up and dimensions (unit: mm)
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Figure 4.15 Beam test set-up and instrumentations in laboratory conditions 
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Strain gauge on connector  
Figure 4.17 Strain gauge instrumentations on steel plates and connectors 
 
(a) Shear cracks initiate at 42kN, 46kN and 49kN from load point to beam end 
 
(b) Shear cracks extend and widen at 63kN load and 31mm deflection 
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 (b) Whole range 
Figure 4.19 Load deflection behavior of SCS beams 
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(d) Bottom slip δL-b in the entire load deformation range 
Figure 4.20 Load relative slip behavior of SCS beams 
 - 154 -




(a) With PL concrete core 
 
(b) With FL concrete core 
Figure 4.21 Failure modes of SCS beams 
     
        (a) Welding failure                (b) Shank fracture     (c) Deform, Yielding and necking 
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(b) Beam with FL concrete core 
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(b) Connector strain in beam P2 
Figure 4.24 Variation of connector strain under static load 
 
 




CHAPTER 5 FATIGUE PERFORMANCE OF STEEL-CONCRETE-
STEEL SANDWICH COMPOSITES 
 
5.1 Research significance 
The schematic view of cyclic load or fatigue load time history is shown in Figure 5.1, in 
which the following equation applies: 
minmax PPP −=∆                             (5.1) 
where Pmax is maximum applied load, in kN; Pmin is minimum applied load, in kN; ∆P is 
load range, in kN; Pmean is mean value of the applied loads, , in kN; 
P
2/max PPPmean ∆−=
u is static ultimate load, in kN. 
Fatigue design equations in most of existing design codes relate log (Nf) to only stress 
range or its logarithmic value as in the form of Equation (5.2). From design point of view, 
this is acceptable when Pmin is negligible. However, physically, this is not the case 
because three loading parameters plus one constraint condition of Equation (5.1) render 
two independent parameters. Fatigue life should be related to two independent loading 
parameters. If load range ∆P is kept constant but both Pmax and Pmin is increased as in 
Figure 5.2 (a), these fatigue design equations may lead to unsafe result. 
bPkN f +∆⋅−=)log(               (5.2) 
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bPkN f +⋅−= max)log(               (5.3) 
Similarly, if maximum load Pmax is invariant while load range ∆P is varied as shown in 
Figure 5.2 (b), the fatigue life should not be the same and Equation (5.3) cannot be 
applied anymore.   
Thus, the main fatigue test program is to investigate effect of two loading parameters, 
namely load range ∆P and maximum applied load Pmax, on fatigue performance of SCS 
composite structures. 
5.2 Test program  
Test setup and instrumentations for fatigue tests are the same as that of static tests. To 
take into account effect of static ultimate load Pu and make reliable comparison with 
existing literature, applied load ratio with respect to Pu are employed to designate fatigue 
tests. All SCS beams are cast with FL concrete except only one cast with PL concrete as 
static test control specimen. Three beams are tested statically and the results have been 
shown in Chapter 4. Fatigue test specimen is identified by its maximum applied load ratio 
Pmax / Pu and load range ratio ∆P / Pu as shown in Table 6.4. Three values are set for ∆P / 
Pu: 0.7, 0.5 and 0.4. Pmax / Pu holds values of 0.9 and 0.8. All of fatigue test specimens are 
subjected to single load range in their whole life except PM being applied multiple load 
ranges. P54 and PM are aimed to verify fatigue design equation. 
Fatigue tests were carried out in load control with sinusoidal applied loads. One to three 
static load-displacement loops up to maximum applied load were conducted prior to 
fatigue cycling to establish the initial behavior of each specimen. Then, the force was 
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loaded statically near mean load and load amplitude, namely half of load range, was 
superimposed sinusoidally to provide cyclic loads. The frequencies range from 2 to 7 Hz 
according to structural responses and testing time control. Monotonic cycles by 
displacement control, with full instrumentation, were conducted periodically throughout 
the fatigue life. These tests were conducted initially at short intervals and then at longer 
intervals according to loading parameters applied to the specimen. 
5.3 Results and discussions 
5.3.1 Three-parameter Fatigue Load Relationship 
The static ultimate load Pu is the average of the peak loads of the two beams tested 
statically: P1 and P2. Pu is set as reference static strength of SCS beam for fatigue tests. 
The static test can be deemed as the case when maximum applied load Pmax equals Pu. 
Fatigue life Nf = 1 can be assigned to statically tested specimen. The fatigue life of beams 
subjected to fatigue tests is shown Table 6.4.  
When these fatigue data are plotted in Figure 5.3, it is easy to demonstrate that there is a 
linear correlation between the maximum applied load ratio Pmax / Pu and the logarithmic 





P ⋅−=          (5.4a) 
The three values of load range ratio ∆P / Pu result in three corresponding regression lines 
whose correlation coefficients are all higher than 95%. Fatigue life is influenced by both 
maximum applied load Pmax and load range ∆P. When keeping maximum load Pmax 
constant, fatigue life reduce with increasing load range ∆P. When load range ∆P is kept 
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constant, fatigue life decrease with increase of maximum load Pmax. Slope of regression 
line is affected by load range ratio ∆P / Pu. It is easy to see that slope k increase with 
increasing load range ∆P as illustrated in Figure 5.4. Furthermore, there is a linear 




∆= ⋅ + h           (5.4b) 










          (5.5) 
The linear regression of k to ∆P / Pu results in coefficients g equal to 0.0439 and h equal 
to 0.0094 respectively with correlation coefficients over 97%. 
5.3.2 Hysteretic Responses 
The hysteretic response of net central deflection under cyclic load is shown in Figure 5.5. 
Two static load deflection loops loaded up to maximum applied load were recorded prior 
to fatigue cycling. Monotonic cycles were conducted periodically throughout the fatigue 
life. Small load drop or reduction on slope of load deflection curve was displayed when 
debonding or shear cracking of concrete core occurred. The unloading curve does not 
follow the loading path, which indicates some permanent deformation has occurred. The 
loading and unloading curves comprise a static envelope. The area covered by this 
envelope is energy absorbed by the specimen inducing permanent deformation or damage. 
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The number on top of each curve denotes the number of fatigue load cycles after which a 
monotonic cycle was recorded. The last number "Nf" denotes number of load cycles to 
failure, namely fatigue life. For the partial composite beams, connectors fail before steel 
plate yield. After connectors failed, the beam can not sustain further load and fail and 
fatigue life is reached. The deflection near zero-load at the end of unloading phase in a 
monotonic cycle represents permanent deflection caused by cumulative damage of 
fatigue loads. This permanent deflection grows with the increase of fatigue load cycles. 
Furthermore, the envelope become more and more inclined, which means there is 
reduction on the stiffness of the beam due to cumulative damage from fatigue loads. 
When comparing these figures, the effect of loading parameters on permanent 
deformation can also be discovered. Figures 5.5 (a) and (b) originate from SCS beams 
subjected to identical maximum applied load but with different load range, with ∆P / Pu 
equal to 0.4 in Figure 5.5 (a) and 0.5 in Figure 5.5 (b). The permanent deflection in 
Figure 5.5 (b) reaches 6mm at about 1×106 cycles while less than 3mm at about 2×106 
cycles in Figure 5.5 (a). Figure 5.5 (c) has the same load range but different maximum 
applied load as Figure 5.5 (b). Maximum applied load ratio is 0.8 in Figure 5.5 (b) while 
0.9 in Figure 5.5 (c). The permanent deflection in Figure 5.5 (c) gets to 8mm at about 
2×104 cycles while only 6mm at about 1×106 cycles in Figure 5.5 (b). It is thus 
demonstrated that permanent deformation is influenced by two, rather than only one, 
independent loading parameters: maximum applied load and load range. Larger value of 
maximum applied load will result in more permanent deformation with faster rate when 
the load ranges are the same. While maximum applied loads are kept identical, increasing 
load range, rather than minimum applied load, will induce more permanent deformation. 
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The hysteretic response of relative slip between bottom steel face plate and concrete core 
under cyclic load show similar trend with that of deflection, except that their values are 
smaller than the corresponding values of deflection, as shown in Figure 5.6. 
Figure 5.7 shows the variation of connector strain under cyclic loads. It is seen that 
values of strains are negligible until debonding occurs, causing about 100 micro strain in 
the connector. This indicates that no significant loads exist on connectors before 
debonding takes place. Hysteresis envelopes conducted after a certain number of load 
cycles become plumper than that done by static loops prior to fatigue cycling as shown in 
Figure 5.7, which indicate fatigue loading cause a certain permanent deformation or 
damage on connectors. The shifting of hysteresis envelopes to relatively smaller values of 
strains with increasing load cycles was thought to be due to cracking and powdering of 
concrete surrounding connector, which cause some stress release on connectors. 
5.3.3 Permanent Deformation 
The relationship between deformation, expressed by deflection and relative slip, and 
number of load cycles are shown in Figure 5.8 both in normal and log scale. The 
maximum and minimum applied load levels are 0.8 and 0.4 respectively. The data points 
in Figure 5.8 represent the permanent (plastic) deformation near zero-load at the end of 
unloading phase in a static loop after a certain number of load cycles, being OC in Figure 
5.9, in which u denotes net central deflection of beam. The first two data points represent 
the permanent deformation at the end of unloading phase in the first two static loops 
before fatigue tests start. It is seen that both the deflection and relative slip increase in an 
accelerating manner. The slope of the line connecting the data points can be deemed as 
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indicator of deformation rate with respect to the number of load cycles. It is shown in the 
plot of normal scale that the deformation rate at early and final stage of the lifetime of 
specimen is larger than that in the middle part. Near the final stage, deformation rate 
grows very fast as shown in plot of log scale indicating it approaches failure stage. The 
central beam deflection and relative slip can be regressed as the following expression 










N eδ = ⋅          (5.6b) 
where u is central beam deflection and δ is relative slip; N is number of load cycles; Nf is 
fatigue life and thus N/Nf  is life ratio.
 
Figure 5.10 and 5.11 show the variation of net central deflection and relative slip with 
respect to number of load cycles. Figure 5.10 discloses the effect of loading parameters 
on the variation of permanent deflection. The two curves in the lower part of the figure 
come from specimens subjected to identical maximum applied load ratio Pmax/Pu while 
with different load range ratio ∆P/Pu. The growth of permanent deflection is about equal 
in the early stage of fatigue loading. In the later phase, the permanent deflection of the 
specimen subjected to larger load range increases faster, which indicates larger load 
range causes more fatigue damage although identical maximum loads are applied. The 
topside curve presents deflection behavior of specimen subjected to larger value of 
maximum applied load than the other two beams. Due to its larger maximum applied load, 
its permanent deflection increases faster than the other two in the whole period of fatigue 
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loading. When it is compared with the middle curve, it concludes that larger value of 
maximum applied load induce more fatigue damage although the load ranges are the 
same. It is therefore concluded that variation of permanent deflection is affected by both 
maximum applied load and load range. Permanent deflection increases when maximum 
applied load or load range rise. 
The variation of permanent relative slip, as shown in Figure 5.11, displays similar trend 
with that of permanent deflection, except that their values are less than the corresponding 
values of deflection, as shown in Figure 5.10. 
5.3.4 Stiffness Degradation 
Static loops, with full instrumentation, were conducted periodically throughout the 
process of fatigue loading. These records were taken initially at short intervals and then at 
longer intervals according to loading parameters applied to the specimen. The hysteresis 
curves of these static loops give useful information both on the shape of the load 
deflection curves and on the damage accumulation in the fatigue process. Stiffness is the 
resistance of a structural member to deformation by an applied force. One type of its 
measurement is the slope of load deflection curve. Although the curve of composite 
structural members generally exhibits nonlinearity due to material non-homogeneity and 
geometric discontinuity, the overall stiffness can be evaluated from the load deflection 
curve. The calculation of overall stiffness can be inferred from Figure 5.9. It is the slope 
of the straight line AB connecting the starting point and maximum applied load point in a 
static loop.  
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∆=           (5.7a) 
Stiffness degradation is the variation of stiffness between two static loops expressed as 



































SD         (5.7b) 
It is seen that the hysteresis curves become more inclined as the number of load cycles 
increases, which implies the stiffness decreases gradually.  
The difference between stiffness represents progressive stiffness degradation due to 
concrete cracking, connector deformation and local bonding deterioration in the steel-
concrete interface. The bonding deterioration is reflected by an incremental increase in 
relative slip with increase of number of load cycles which can be clearly seen in Figure 
5.6. 
Figure 5.12 shows the variation of stiffness with respect to number of load cycles. In (a), 
the data points represent the absolute value of overall stiffness of the static loop after a 
certain number of load cycles. The first data point is the stiffness in the elastic range 
before cracking of concrete core, which is accompanied by sharp load drop or slope 
reduction on load deflection curve as shown in Figure 5.5. It can be seen that loading 
parameters do not affect values of initial elastic stiffness which should be considered as 
inherent property of structures. The next data point represents overall stiffness of the 
second static loop after cracking of concrete core and before fatigue tests start.  It is 
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shown that the cracking of concrete core causes significant loss in stiffness, which ranges 
from about 20% to 40% as shown in Figure 5.12 (b). The higher the maximum applied 
load, the higher the stiffness reduction. In the process of fatigue loading, the stiffness of 
the specimen decays gradually with increasing number of load cycles, no sudden drop as 
in first two static loops. When the stiffness reduces in an accelerating manner afterwards, 
it indicates the specimen approaches final failure stage. Figure 5.12 also shows a power 
relationship between stiffness ratio and fatigue life ratio. For example, excluding the first 









          (5.8) 
where N is number of load cycles; Nf is fatigue life and thus N/Nf  is life ratio; S0 is initial 
stiffness of specimen and SN is stiffness at N load cycles. 
 
The effect of loading parameters on the variability of stiffness can also be perceived from 
the figure. The two curves in the upper part of the figure originate from specimens 
subjected to identical maximum applied load but with different load range. The stiffness 
degradation rate is roughly the same in the early phase of fatigue loading. In the later 
phase, the stiffness of the specimen subjected to larger load range reduces faster, which 
implies larger load range leads to more fatigue damage although identical maximum 
loads are applied. The lowest curve expresses stiffness behavior of specimen subjected to 
larger value of maximum applied load than the other two. Due to its larger maximum 
applied load, its stiffness decreases faster than the other two in the whole process of 
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fatigue loading. While comparing the middle and lowest curves, it concludes that larger 
value of maximum applied load result in more fatigue damage although the load ranges 
are the same. It is therefore demonstrated that variability of stiffness is influenced by both 
maximum applied load and load range. 
5.3.5 Energy Dissipation 
In the loading part of a static loop, the load applies positive work to the specimen since 
the load and the displacement are in the same direction. While in the unloading part, it 
does negative work. In the displacement controlled static loops, the area covered by load 
displacement curve and abscissa axis can be approximated by dividing the integral into 
many small trapezoids by displacement increments such as P1P2u2u1 shown in Figure 5.9. 




1221 uuPPdW −⋅+⋅=          (5.9a) 
Figure 5.13 shows values of unit work in loading and unloading process of the first static 
loop before fatigue testing starts for selected specimens.  It is demonstrated that work 
attains positive values in loading process while it changes to negative values in unloading 
process. The work grows gradually due to increase of loads. Larger values of work are 
concentrated near the central part where larger values of loads occur. The absolute values 
of work in loading process are larger than that in unloading. This is because load 
resistance decreases in unloading part at the same deflection with loading part, as shown 
in Figure 5.9. The algebraic sum of these unit works is thus the energy absorbed by the 
specimen. 
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∑ ∑ −⋅−−+⋅== )()(21 124321 uuPPPPdEE       (5.9b) 
The displacements at the same magnitude of load are different in the loading and 
unloading curve. The difference of displacements is reflection of permanent or plastic 
deformation beyond elastic range. Thus, the load displacement curves in the loading and 
unloading process comprise the envelope line of a static loop. The area covered by this 
envelope is absorbed energy which induces permanent deformation or damage to the 
specimen.  
Figure 5.13 (b) displays an abrupt increase of work which is due to the sudden load drop 
in load deflection curve caused by crack of concrete core. While there is no such abrupt 
increase of work in (a) since crack only causes slight stiffness reduction rather than load 
drop in this specimen. 
The variation of energy absorption capacity in the process of fatigue loading is shown in 
Figure 5.14. The data points represent the absorbed energy expressed as area value of 
envelope in the static loop after a certain number of load cycles. The first two data points 
are the absorbed energy in the first two static loops before fatigue tests start. The 
maximum applied loads are larger than crack load which is about half of the ultimate 
static load of the specimen. As expected, the specimen absorbs quite large amount of 
energy in the first static loop due to cracking of infill concrete core in the specimen. The 
energy absorbed by the specimen increases gradually with increasing of number of load 
cycles due to cumulative damage. While near the final failure stage, the absorbed energy 
grows very fast in an accelerating manner indicating the specimen will be completely 
damaged very soon. 
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Figure 5.14 also shows a power relationship between the absorbed energy and fatigue life 
ratio. For example, starting from the second point after cracking, curve of beam P85 can 






          (5.10) 
where N is number of load cycles; Nf is fatigue life and thus N/Nf  is life ratio; EN is the  
absorbed energy at N load cycles. 
The figure also reveals the effect of loading parameters on the variation of energy 
absorption capacity. The two curves in the lower part of the figure come from specimens 
subjected to the same maximum applied load ratio Pmax/Pu while with different load range 
ratio ∆P/Pu. It can be seen that the absorbed energy in the first static loop for the two 
specimens are roughly the same since they are subjected to the same maximum applied 
load. In the later phase of fatigue loading, the specimen subjected to larger value of load 
range ratio absorbs more energy with respect to number of load cycles, which implies 
that a larger load range leads to more fatigue damage although identical maximum loads 
are applied. The uppermost curve possesses larger value of absorbed energy in the first 
static loop than the other two because this specimen is loaded until larger load level. Due 
to its larger maximum applied load, it absorbs more energy than the other two in the 
whole process of fatigue loading. While compared with the middle curve, it could be 
drawn that larger value of maximum applied load result in more fatigue damage although 
the load ranges are the same. It is thus concluded that variation of energy absorption 
capacity is affected by both maximum applied load and load range. 
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5.4 Design Implications 
Fatigue analysis is normally carried out based on the S-N curve approach under the 
assumption of linear cumulative damage law, the so called Miner's rule. Fatigue 
performance of materials is commonly characterized by an S-N curve, also known as a 
Wöhler curve which is based on systematic work of fatigue testing on railroad axles by A. 
Wöhler, a technologist in the German railroad system, in the mid-nineteenth century. 
This is a graph of relationship between the magnitudes of a cyclic stress (S) against the 
cycles to failure (Nf). Millions of cycles might be required to cause failure at lower 
loading levels, so the abscissa in usually plotted logarithmically. Basquin (1910) 
proposes a log-log relationship for S-N curves, using Wöhler's test data. Accordingly, 
most fatigue design codes adopt the following form as fatigue design equation: 
KSN mf =× )(                    (5.11) 
where m and K are constants determined by regression analysis of fatigue test data; S is 
normally referred to stress range. 
Popularized by Miner based on Palmgren's linear damage hypothesis as a practical design 
tool (Miner, 1945), the so called Miner's rule or Palmgren-Miner rule, states that where 
there are k different stress magnitudes in a loading history, ∆σi (1 ≤ i ≤ k), each 
contributing ni cycles, and if Ni is the number of cycles to failure of the corresponding 







                              (5.12) 
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C is experimentally found to be between 0.7 and 2.2. Usually for design purposes, C is 
assumed to be 1. This can be deemed as a linear combination of proportion of fatigue life 
consumed or fatigue damage induced by each stress magnitude. It assumes that the order 
of the loading blocks does not affect the total fatigue life. However, there is sometimes an 
effect in the loading history.  In some situations, cycles of high stress magnitude followed 
by low stress magnitude cause more damage than otherwise. Though Miner's rule has 
such limitation, it provides useful approximation and simple format and therefore is 
widely used as basis for various design guides. The anticipated lifetime is thus the 












                     (5.13) 
where TA is anticipated lifetime and TD is design lifetime. 
There are mainly two sources of fatigue loading in civil engineering structures: vehicle 
loading on highway or bridges and wave loading on ship and offshore structures. Design 
issues on resistance to these fatigue loads are well documented in various codes, design 
guides, standards and recommended practices.  
5.4.1 Three-parameter Fatigue Design Equation 
Fatigue strength assessment of ship and offshore structures is generally to appraise the 
capacity due to high cycle fatigue loading. High cycle loading is normally understood to 
be cycles of more than 1×104. For example stress response from wave load shows 
typically 5×106 cycles per year. For offshore structures subjected to typical wave loading 
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the main contribution to fatigue damage is in the region N > 1×106 cycles. The specified 
S-N curve is thus shown in the graphs above 1×104 cycles. The design life assumed in the 
fatigue assessment of ships is generally not to be taken less than 20 years, as shown in 
Table 5.1.  
The widely-used fatigue design equation of headed shear stud under shear loading 
originates from BS code (BS 5400 Part 10, 1980) for composite bridge. 
KN mf =∆× )( τ            (5.14) 
where m=8 and K=2.08×1022 
In Equation (5.14), fatigue life Nf is related only to stress range without considering 
maximum applied stress τmax and static ultimate strength τu of the connector. However, 
fatigue tests conducted on SCS beams (see Section 5.3) show that fatigue life reduces 
with the increase of τmax and  ∆τ,.  Thus, Equation (5.14) may be modified by multiplying 
a factor )1 max
uτ(
τ− on the right hand side to take into account the effect of τmax and τu. By 








τ −×=∆×          (5.15) 
Nominal shear stress at hooked connector in SCS beam is linearly proportional to shear 
stress at the bottom steel-concrete interface. There also exists a linear relationship 
between this interfacial stress and the applied point load. Hence, stress ratios 
uτ
τ∆  and 
uτ




maxP  respectively. Conducting multiple linear regression 
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τ− generates the following equation with 









τ −×+∆×−      (5.16) 
Each regression coefficient minus two times of its standard deviation yields the following 





τ −×+∆×−     (5.17) 
where τu is static ultimate strength of hooked connector; equal to 300N/mm2 determined 
by push out test. 
Equation (5.17) is expressed graphically in Figure 5.15. It is demonstrated that both ∆τ 
and τmax have effect on fatigue performance of connectors. Fatigue life reduces when ∆τ 
or τmax increase. By introducing τu into the design equation, material partial factor for 
fatigue γMf can be employed. This is an improvement compared to fatigue design 
equations in conventional codes in which γMf is adopted indirectly by multiplying it to 
stress range. The proposed three parameter fatigue design equation thus can employ both 













τγ ×−×+∆××−    (5.18) 
where γFf is load partial factor for fatigue, equal to 1.0; γMf is material partial factor for 
fatigue under shear loading, equal to 1.15. 
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All of the partial composite beams are failed by connector fracture except that beam P54 
failed due to unexpected plate tearing. Inside condition was checked and it was found that 
there were little deformations on connectors. The tearing of steel plate was thought to be 
caused by many defects at weld toe and heat affected zone (HAZ) under connector as 
illustrated in Figure 5.16. Results of specimen PM was used to verify the design Equation 
(5.18). Its Miner’s summation is much greater than 1, which implies this design equation 
is conservative and on the safe side. 













πτ            (5.19) 
where Q is shear force; S is first moment of area of the part above where τ is calculated; 
E is elastic modulus of materials; D is flexural rigidity of cross section area; Bt is width at 
which τ is calculated; d is diameter of the connector; sx and sy are connector spacing in 
longitudinal and lateral directions respectively. 
For a partial composite SCS sandwich member, the degree of composite can be reflected 














τ           (5.20) 
where sux is the required connector spacing in longitudinal direction for full composite 
action; α is degree of composite. From Equation (5.20) it is demonstrated that for a given 
load Q, the lower the degree of composite, the higher the shear stress in the connector. 
 - 175 -
 Chapter 5                                                                                                            Fatigue Performance of SCS 
Consequently, it implies shorter fatigue life by Equation (5.18). Note should be taken that 
this is for connector failure in partial composite SCS sandwich member. Normally, check 
on fatigue capacity for composite structural member is based on various structural 
components and S-N curves. The critical part controls. Thus, full composite SCS 
sandwich member does not necessarily possess longer fatigue life than partial composite 
SCS sandwich member. It also depends on loading condition, critical part location and 
stress state etc. The detailed process is well documented in e.g. BS 5400 Part 10 (1980) 
and Bowerman et al (1999) and will not be repeated herein. The objective of this design 
implication is to demonstrate how the proposed three-parameter fatigue design equation 
affects fatigue life. 
A worked example is tabulated in Table 5.2 to illustrate the deficiency of fatigue 
relationship relating only to stress range ∆τ. Assumptions are made that critical fatigue 
location is on hooked connector under shear stress and TD equals 20 years. Stress values 
and numbers of applied fatigue load cycles are also given.  
Calculation results reveal that TA is greater than TD based on BS code. Same fatigue life is 
obtained for identical stress range ∆τ, regardless of τmax and τmin. However, anticipated 
lifetime is not satisfied according to the three parameter design equation. This is because 
τmin is nearly half of τmax and can not be neglected. τmax is almost two times of ∆τ and 
yields significant effect on fatigue performance. Lifetime ratio between H and BS is 0.35. 
τmax does have influence on fatigue performance of structural component. Only 
considering ∆τ without taking τmax into account will yield un-conservative design. 
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BS code is not the exclusive standard in Europe. Fatigue design equation in EC4 (EN 





R NN ⋅∆=⋅∆ )()( ττ          (5.21) 
where ∆τR is the fatigue shear strength related to the cross-sectional area of the shank of 
the stud, using the nominal diameter d of the shank; ∆τc  is the reference value at Nc = 2 
×106 cycles with ∆τc equal to 90 N/mm2; m  is the slope of the fatigue strength curve with 
the value m = 8; NR  is the number of stress-range cycles. 
Current design guide of Bi-Steel (Bowerman et al, 1999) was based on testing and 
existing design codes for steel and concrete composite structures. Its fatigue design 
guidance adopts design equations from BS 5400 part 10. Further fatigue tests of Bi-Steel 
element (Foundoukos et al, 2007) gave S-N curve of connector under shear loading by 
the following equation: 
2215.7 465.010767.2)( ××=∆× τfN         (5.22) 
Other widely used fatigue design guidance on steel-concrete composite structures, 
especially headed shear stud under shear loading, include AASHTO specifications 
(AASHTO, 1994) in U.S.A. as: 
 )log5.29238(4 RR N⋅−⋅= πτ∆        (5.23) 
JSSC (1995) recommends the following formula to predict the fatigue life of headed 
shear stud connector in composite beam. 
RRN τ∆−= log5816.15log          (5.24) 
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where NR is the number of stress-range cycles; ∆τR is the fatigue shear strength related to 
the cross-sectional area of the shank of the stud, using the nominal diameter d of the 
shank. 
Since all the existing codes adopt only one loading parameter the stress range ∆τ in their 
fatigue design equations, τmin can be assumed zero and τmax thus can be replaced by ∆τ in 






τ ∆−×+∆×−=     (5.25) 
Figure 5.17 shows the comparison of S-N curves obtained from Equation (5.25), BS5400 
Part 10, EC4 (EN 1994-2, 2005), Bi-steel S-N curve (Foundoukos et al, 2007), JSSC 
(1995) and AASHTO (1994) approaches. It is demonstrated that the three parameter 
fatigue design equation can be degenerated to similar design curves in existing codes. 
From Figure 5.17, it is concluded that hooked connector bear comparable fatigue 
performance with conventional headed shear studs. The fatigue strength of connectors 
under shear loading at 1×106 of load cycles is in the range of 100 ± 20N/mm2. 
The proposed S-N curve is for the hooked connector under shear. It is embedded in 
concrete core with depth of 80mm. The height of straight part of the hooked connector is 
about 30mm. All the other S-N curves are for headed shear studs under shear. Generally 
they have larger diameter of 25mm and longer as-built height about 100mm. The height 
and diameter of headed shear stud is about three and 2.5 times and that of hooked 
connector respectively. At higher stress levels, the deformation of connectors is also 
larger. Due to larger height of headed shear studs, bending stress at base of headed shear 
studs is larger than that in hooked connectors. The more adverse stress status in headed 
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shear stud thus causes its shorter fatigue life than in hooked connector. At lower stress 
levels, the deformation of connectors is much less than in higher stress levels and thus the 
bending stresses at base of connectors are insignificant. The adverse effect of bending 
stress due to larger height of headed shear stud is negligible. The larger cross section area 
of headed shear stud allows the fatigue crack to take longer life to propagate than in 
smaller cross section area of hooked connector. This is thought to be the reason why in 
lower stress, the fatigue life of smaller hooked connector is less than that of larger headed 
shear studs.  
Although the proposed fatigue design equation is developed based on tests which are 
specific to the proposed SCS sandwich system, it provides a useful means to estimate the 
fatigue life of sandwich composite beams since the equation is presented in non-
dimensional load and considering the effect of two load parameters. The fatigue test data 
is based on two loading parameters, i.e. stress range and maximum stress, but the ordinate 
of the figure is only for stress range. So, it is not appropriate to present the two-variable 
test data in the one-variable figure. The fatigue test data is based on two loading 
parameters, i.e. stress range and maximum stress. It demonstrates relationship between 
three variables: fatigue life, stress range and maximum stress. The figure of S-N curves’ 
comparison only shows relationship between two variables: fatigue life and stress range. 
So, it is not appropriate to present the three-variable test data in the two-variable figure. 
5.5 Summary 
From the experimental investigation, it is demonstrated that fatigue performance of 
structural member is influenced by two, rather than only one, loading parameters. 
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Maximum applied load or stress and load range or stress range affect equally and 
independently on structural behavior of SCS sandwich member, which is reflected by 
permanent deformation, hysteretic response, stiffness and energy absorption capacity. 
Fatigue life reduces when load range or maximum applied load increase.  
A multiple parameter fatigue design equation is proposed based on test results. By 
introducing static ultimate strength into the design equation, material partial factor for 
fatigue γMf can be employed, which is an improvement compared to fatigue design 
equations in conventional codes in which γMf is adopted indirectly by multiplying it to 
stress range.  
The simple example shows that maximum applied stress yields significant effect on 
fatigue performance when difference between it and stress range is considerable. In this 
case, only considering stress range without taking into account maximum applied stress 
will lead to un-conservative prediction of fatigue life. 
To make consistent comparison with existing codes, minimum applied stress in the 
proposed equation can be assumed zero and maximum applied stress thus can be replaced 
by stress range. It is demonstrated that the three parameter fatigue design equation can be 
degenerated to similar design curves in existing codes. From the S-N curves comparison 
in Figure 5.17, it is demonstrated the hooked connector bear comparable fatigue 
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Table 5.1 Normal fatigue design practice in civil engineering 
Structures Design life (years) Load cycles / year (×106) Design load cycles (×106) 
Bridges 100 2 200 
Ships 20 5 100 
 












ni / Ni  
(Eq. 5.14) 
ni / Ni  
(Eq. 5.18) 
1 60 120 60 5 40.5 11.3 0.124 0.444 
2 60 140 80 1 4.1 2.0 0.247 0.489 
3 80 160 80 0.5 4.1 1.2 0.123 0.421 
∑ (ni / Ni)  0.494 1.353 
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Figure 5.1 Fatigue Loading parameters 
 
 
         
             (a) Constant ∆P with varied Pmax                    (b) Constant Pmax with varied ∆P 
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Figure 5.3 Data distribution of fatigue life 
 
Figure 5.4 Regression relationship of fatigue life and maximum applied load ratio 
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                     (a) P84 : Pmax / Pu = 0.8  and ∆P / Pu = 0.4                                           (b) P85 : Pmax / Pu = 0.8  and ∆P / Pu = 0.5 
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                     (c) P95 : Pmax / Pu = 0.9 and ∆P / Pu = 0.5                                                     (d) P97 : Pmax / Pu = 0.9 and ∆P / Pu = 0.7 
Figure 5.5 Hysteretic response of load vs. deflection for SCS beams under cyclic load 
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                      (a) P84 : Pmax / Pu = 0.8  and ∆P / Pu = 0.4                                           (b) P85 : Pmax / Pu = 0.8  and ∆P / Pu = 0.5  
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                       (c) P95 : Pmax / Pu = 0.9 and ∆P / Pu = 0.5                                           (d) P97 : Pmax / Pu = 0.9 and ∆P / Pu = 0.7 
Figure 5.6 Hysteretic response of load vs. relative slip for SCS beam under cyclic load
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(b) Pmax / Pu = 0.8 and ∆P / Pu = 0.4 (in Log scale) 
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(b) Pmax / Pu = 0.8  and ∆P / Pu = 0.4 
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Figure 5.15 Graphical expression of fatigue design Equation (5.17) 
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Figure 5.17 Comparison S-N curves with existing codes 
 
 




CHAPTER 6 STRENGTH IMPROVEMENT OF STEEL-
CONCRETE-STEEL SANDWICH BY TEXTURED INTERFACE 
 
6.1 Introduction 
In steel-concrete-steel (SCS) composite structures the composite behaviour is essential if 
full benefit is to be derived from the sections. The composite behaviour depends on the 
composite interaction between outer steel plates and inner concrete core and the bonding 
characteristics at the interface. Generally, connectors in the form of overlapping headed 
shear studs are provided at certain intervals in both longitudinal and transverse directions 
to transfer shear in the composites. The composite behaviour is controlled by shear 
capacity and spacing of shear studs. If full composite action of the section is to be 
achieved, very close spacing of connectors is required which may be not feasible due to 
the additional weight of connectors and obstruction to concrete casting. Thus, it is 
proposed to employ thin textured interface to increase bonding strength and shear 
capacity between steel face plates and concrete core. Continuous bond provided by 
textured interface also improve fatigue performance of the composites since the bonding 
strength of mechanical anchorage is enhanced compared to that of smooth or plain 
interface. Expamet, a form of textured interface, is adopted to improve strength of SCS 
sandwich composite. Its bonding behavior is investigated by push-out tests. Strength 
 194
 Chapter 6                                                                       Strength Improvement of SCS by Textured Interface 
improvement by textured interface to SCS sandwich composite members is also 
investigated by beam static and fatigue tests. 
6.2 Expamet 
Expamet, standing for expanded metal, is manufactured by expanding process which 
involves slitting and stretching the ductile metal sheet to create holes rather than 
punching them out. This gives cost savings, especially compared to other metal 
processing methods such as perforating metals in which all of the holes are wasted. This 
expanding process also guarantees that there is no interweaving or strained joints or 
welds, which means that there is nothing to work loose. This makes Expamet ideal for 
forming and beneficial to further processing such as shearing and welding. 
Expamet has been employed in various applications for a long time. For architectural 
purposes, it can be used as staircase and cladding for decorative grilles. Acting as a 
barrier for security, it has been used as fencing, as shown in Figure 6.1 (a), and window 
guards. As for home refurbishment, Expamet lathing provides an excellent key for 
finishing materials on masonry, as shown in Figure 6.1 (b), ceilings and timber frame 
buildings. Due to its superior strength to weight ratio, expanded metal meshes can be 
used in infrastructure such as walkway, platform and bridge balustrade. Expamet lathing 
can also be used as a carrier for fire protection finishes to structural steelwork. 
The knuckles formed by expanding mesh give sound grip underfoot, which is particularly 
beneficial to be used as anti-slip interface, as shown in Figure 6.2 (b). From this point of 
view, it has been endowed with great superiority and potential for enhancement of 
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bonding strength in composite structures. Another type of universally used textured 
interface is embossed steel plate or checkered plate, as shown in Figure 6.2 (a). However, 
the roughness of smooth embossment in checkered plate is not as strong as that of 
diamond-shaped meshes in Expamet. Once cast into the diamond-shaped meshes, the 
concrete are anchored in position so that the slip is inhibited or delayed. For conventional 
meshes with angled strands dimensions from centre to centre of knuckles are shown in 
Figure 6.2 (c). 
Expamet adopted in combination with 8mm-diameter connector in tests is with diamond-
shaped meshes as shown in Figure 6.2 (b) which conforms to the requirements of BS 
code (BS 405, 1987). The thickness of Expamet is determined based on ‘equivalent 
weight’ criterion with SCS beam containing 10mm-diameter connector and settled as 
about 3mm. Dimensions of mesh are shown in Figure 6.2 (c) and Table 6.1. Thus, two 
types of SCS sandwich composite are designed: 8mm-diameter connector in combination 
with Expamet interface and 10mm-diameter connector with plain interface. 
The Expamet is stretched from hot-roll mild steel sheets made of steel material JIS-
G3131/SPHC. Strand was taken from Expamet to conduct material test. The test set-up is 
shown in Figure 2 (d) and (e). Stress-strain curve is shown in Figure 2 (f). The ultimate 
strength is about 420 N/mm2 and elastic modulus 110kN/mm2. 
6.3 Test program 
6.3.1 Push-out Tests 
For easiness of loading, push–out specimen for conventional steel-concrete composite 
structure is generally fabricated by casting concrete on both flanges of steel I-beam.  The 
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reinforced concrete slabs are seated on base and load is applied on top of steel I-beam, as 
shown in Figure 6.3 (a). Load is transferred as shear force on headed shear studs 
embedded in concrete. For SCS sandwich composite, shear force on connectors can be 
readily generated by applied load on top of concrete core and reaction force on bottom of 
steel face plates, as shown in Figure 6.3 (b).  
In the determination of the ultimate static shear resistance of the hooked connectors, the 
adoption of more than one pair of connectors, as in push-out test of conventional headed 
shear studs, may hide the relevance of some important local phenomena. Thus, in the 
push-out test proposed here for SCS sandwich other than conventional steel-concrete 
structures, only one pair of connectors, each welded to top and bottom steel plates, is 
adopted in order to obtain detailed information about the actual behavior of hooked 
connector. The load carried by each individual connector was determined by dividing the 
applied load by the number of connectors. 
The main parameters for these push-out tests are steel-concrete interface type, Expamet 
vs. plain interface, and infill concrete type, FL vs. PL. The arrangements of mesh and 
loading directions were also investigated. When long way (LW) of mesh is same as 
loading direction, it is denoted as ‘E’, while ‘ET’ stands for case of short way (SW) 
coinciding with loading direction. Three groups of push-out tests were carried out to 
investigate the shear resistance of: (1) shear resistance of 10mm-diameter and 8mm-
diameter hooked connectors with plain interface; (2) Expamet textured interface; (3) 
combined 8-diameter hooked connectors and textured interface. The identification of 
push-out specimens are shown in Table 6.2. 
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The push-out tests were conducted in universal testing machine with capacity of 300 kN. 
A spreader beam whose width was less than depth of concrete core was used to transfer 
load. Two linear variable displacement transducers (LVDTs) were placed to touch 
aluminum channel glued to bottom surface of concrete core to measure average bottom 
slip. Another two LVDTs were placed under bottom face of spreader beam to measure 
average top slip. To prevent potential splitting out of concrete and sideway movement of 
upper steel face plates after debonding during loading, clamps are finger tightened at 
upper part of specimen. Sideway buckling of lower steel face plates were prevented by 
immovable steel pads gapped in between steel face plates and tightened bolts.   
The static load was applied using displacement control at a rate of 0.1 mm/min before 
peak load is reached. After that, the rate of displacement increment can be increased 
slightly until failure occurs. Load and displacements readings were monitored and 
recorded at each increment of displacement control. All the measurement devices were 
connected to a data logger which is controlled by one PC to form a computer-controlled 
automatic data acquisition and analysis system. 
6.3.2 Beam Tests 
The proposed 10mm-diameter and 8mm-diameter hooked connector based on 80mm core 
depth is shown in Figure 6.4. The nominal thickness of top steel face plate, concrete core 
and bottom steel face plate are thus 6mm, 80mm and 6mm respectively. 
The detailed dimensions of SCS beams with 10mm-diameter and 8mm-diameter hooked 
connectors are shown in Figure 6.5 and 6.6 respectively. The real two types of SCS 
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sandwich beams before casting of concrete, i.e. 10mm-diameter connector with plain 
interface and 8mm-diameter connector in combination with Expamet interface, are shown 
in Figure 6.7.  
Most of the beams are cast with FL. The major parameter to be investigated is interface 
effect. For comparison purpose, beams with 10mm-diameter hooked connector and plain 
interface tested in previous chapters are denoted as “P” beams and some of their results 
are listed for comparison. Beams with Expamet interface are denoted with “E”. Three 
beams with Expamet interface, i.e. E1, E3 and E4, are tested statically and served as 
reference static strength for fatigue tests. LW of mesh is same as beam length direction in 
E1, E3 and E4 while in E2, LW of mesh is same as beam width direction. There are also 
another two beams cast with PL and two without any connectors served as static test 
control specimen. The static beam identifications are shown in Table 6.3. Testing 
procedure, test setup and instrumentations are same as for beams with plain interface. 
Fatigue test specimen is identified by its maximum applied load ratio Pmax / Pu and load 
range ratio ΔP / Pu as shown in Table 6.4. For “P” beam, three values are set for ΔP / Pu: 
0.7, 0.5 and 0.4. For “E” beam, it is 0.7, 0.5 and 0.35. Pmax / Pu holds values of 0.9 and 
0.8. All of fatigue test specimens are subjected to single load range in their whole life 
except PM and EM being applied multiple load ranges aimed to verify design equation. 
Fatigue tests were carried out in load control with sinusoidal applied loads. One to three 
static load-displacement loops up to maximum applied load were conducted prior to 
fatigue cycling to establish the initial behavior of each specimen. Then, the force was 
loaded statically near mean load and load amplitude, namely half of load range, was 
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superimposed sinusoidally to provide cyclic loads. The frequencies range from 2 to 7 Hz 
according to structural responses and testing time control. 
6.4 Results and Discussions 




                    (6.1) 
where Fu is peak load of push-out test with Expamet only and without any connectors, in 
kN; A is area of contact interface between concrete core and Expamet, i.e. 200m×200mm 
in the push-out test. For push-out test, steel face plates are generally tightened or clamped 
to prevent potential sideway buckling or splitting out of concrete, as shown in Figure 6.3 
(b). The bonding strength of Expamet interface can thus be fully employed. However, 
there is no such condition in beams subject to bending, especially for beams without any 
connectors between the two steel face plates. Thus, bonding strength obtained from push-
out test should be reduced to some extent when it is used for prediction of beam tests.  
The prediction of moment capacity of SCS cross section and peak load of beam is given 
by Equation (4.8). For the combination of hooked connector and Expamet interface, shear 
resistance  is replaced by :   RkP PRE
yxbRkRE sskPP                      (6.2) 
where PRE is shear resistance of hooked connector in combination with Expamet 
interface, in kN; PRk is shear resistance of hooked connector, in kN; τb is bonding 
strength of interface between concrete and Expamet, in N/mm2; sx is spacing of 
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connectors in beam length direction; sy is spacing of connectors in beam width direction, 
equal to B/2 where there are two rows of connectors along the width; B is beam width; k 
is reduction factor for bonding strength obtained from push-out test used for beams, equal 
to 0.8 and 0.9 for beams without and with hooked connectors, respectively. The flexural 
moment resistance of a SCS sandwich member is controlled by either the tensile 
resistance of the bottom steel plate, tt Btf  or the shear res ce of the connectors, nPistan
whichever is smaller. 
6.4.1 Push-out Tests 
shear pushed deformation. Peak loads of all 
push-out specimens are shown in Table 6.2. 
o debonding cracks 
occur at steel-concrete interface as in specimens with plain interface. 
RE , 
For specimens in group-1 except HPP-10 failed by splitting of concrete core, the 
connectors were sheared off above weld collar finally. As shown in Figure 6.9, the peak 
load occurs at a slip of about one diameter of the connector, after which the load dropped 
gradually for 10mm-diameter connector or drops off suddenly as 8mm-diameter 
connector breaks audibly. All the load slip curves are plump and show ductile manner. 
Fractured surface of connector are shown in Figure 6.8. The concrete bearing zone above 
the connector experienced crushing and powdering caused by weld collar in a small 
region adjacent to the connector, as shown in Figure 6.8 (a). There is also a permanent 
gap under the connector which is caused by 
Caused by combination of resistance by textured interface and push force at top of 
concrete core in specimens of group-2, multiple shear cracks initiate from edge of 
spreader beam and extend downward, as shown in Figure 6.10 (a). N
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As shown in Figure 6.11 (a), all of the specimens in group-2 show a very high stiffness in 
the early stage. Bonding strength increased a lot compared to specimens with plain 
interface in group-1. The peak loads almost double that in group-1. Load dropped after 
peak when coalescence at interface has been destroyed to some extent. Due to the 
unflattened knuckles in Expamet mesh, there is still considerable friction force to balance 
the push load. This friction force leads to sustained slip behaviour caused by sliding 
movement of concrete core and gradual rather than abrupt load drop. 
Due to better coalescence between textured interface and FL concrete than PL concrete, 
peak load of specimens infilled with FL was higher than that infilled with PL. And 
bonding strength of Expamet mesh arrangement of 'E' is slightly higher than that of 'ET', 
as shown in Table 6.2. The combination of resistance by textured interface and push force 
at top cause shear failure of plain concrete core and thus shear or tensile strength of 
concrete can be utilized. As shown in Figure 6.12, concrete was peeled off and resided in 
meshes of Expamet. 
Similar to specimens of group-2, in group-3, shear cracks rather than debonding cracks 
initiated from edge of spreader beam and extend downward, as shown in Figure 6.10 (b), 
and peak loads of specimens infilled with FL was higher than that infilled with PL. They 
also showed similar load-slip behavior with that of group-2 except that loads dropped 
more gradual after peak loads than that in group-2. For specimens infilled with FL, load 
drops were also accompanied by tiny sound thought to be caused by friction and sliding 
between steel fibers and meshes of Expamet. Due to presence of connectors, peak loads 
and loads at plateau part on load-slip curves were higher than that of corresponding 
specimens without connectors in group-2. For specimens infilled with PL, the widening 
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of shear cracks caused downward sliding and peeling off of plain concrete core from 
textured interfaces. Due to effect of textured Expamet, there exists a certain confinement 
which inhibits development of through crack and breaking of plain concrete core. The 
plain concrete core pushed the connector to deform. Owing to small diameter, connectors 
are fractured finally. Thus, connectors are fractured in all specimens of group-3, as shown 
in Figure 6.13. 
6.4.2 Beam Static Tests 
For beam NEP, the load increased linearly with increment of deflection until shear crack 
occurs at about 32kN. Almost simultaneously, debonding crack appeared at bottom steel-
concrete interface causing relative slip which is reflected in Figure 6.19 (a). The shear 
crack initiated under one loading point and propagate along 45 degree from top to bottom 
of concrete core. Since no fibers' bridging mechanism exists in the PL concrete core, this 
shear crack develops very fast. Due to no connectors inside, shear flow at bottom steel-
concrete interface is resisted only by bonding strength between PL concrete and Expamet, 
which is largely dependent on shear strength of PL concrete. Shear strength of concrete is 
one type of tensile properties which have very small values. Thus, the load dropped 
tremendously at only 3.5mm deflection when this bonding strength was totally lost, 
which was reflected by the connection of large shear crack and debonding crack and 
separation of concrete core from bottom steel plate as shown in Figure 6.14 (b). 
For beam NEF, the load increased linearly with increment of deflection until a shear 
crack occurs in right shear span at about 40kN. This shear crack was very tiny compared 
to that in NEP due to fibers' bridging mechanism. Almost simultaneously, a debonding 
 203
 Chapter 6                                                                       Strength Improvement of SCS by Textured Interface 
crack also appeared. These cracks resulted in slope reduction on load deflection curve as 
shown in Figure 6.15 (b). Due to larger bonding strength between FL and Expamet than 
that between PL and Expamet, the load grew significantly larger than that of NEP. Due to 
cracks development and propagation, there was also load drop at 54kN and 8mm 
deflection, as shown in Figure 6.16 (a). But this load drop was smaller than that of NEP 
and load retrieved increase immediately. In the later stage, the load decreased gradually, 
unlike abrupt load drop in NEP, due to interlocks between steel fibers and embossment of 
textured interface.  
Unlike beams with plain interface, the load of EP increased linearly with increment of 
deflection until shear cracks under two loading points, rather than relative slip, occurred 
at load of about 37kN, which is reflected in Figure 6.17. This is because the improved 
bonding strength by Expamet inhibits slip at steel-concrete interface. At higher load of 
about 80kN, there was still no visible relative slip while the shear cracks are already very 
large, as shown in Figure 6.18. Although the shear cracks widened and propagated, there 
was still no relative slip occurring until more than 70kN load, which is shown in Figure 
6.19 (b). Due to effect of textured interface, the concrete core at beam end above support 
had not experienced sliding movement and seems "fixed" in the steel face plates. This 
causes a type of "double curved bending" in the shear span as shown in Figure 6.18 (a), 
which is contrary to the single curvature bending in beam with plain interface, as shown 
in Figure 4.18 (b). Load increase was accompanied by continuous clear sound which was 
thought to be caused by sliding and friction of concrete along embossment of textured 
interface. This movement caused debonding cracks extend to interfaces of beam end 
above support. After a certain period, when the interface bonding was lost, the concrete 
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core slide out suddenly with big sound and an abrupt load drop from above 80kN to about 
50kN as shown in Figure 6.16 (b). Due to the effect of connectors, the load does not drop 
to near zero which is the case in NEP as shown in Figure 6.16 (a). At later stage, the load 
increased gradually by the combined action of connectors and residual interface bonding 
strength which helped develop comparable load deflection behavior with beam PP 
containing connectors of larger diameter, as shown in Figure 6.16 (b). 
For beam E1, the load increased linearly with increment of deflection until debonding 
crack occurs at 60kN in left shear span which was accompanied by minor load drop on 
load deflection curve. Due to the effect of textured interface, the load continued to 
increase to significantly higher value than beam with plain interface and connectors of 
larger diameter. In this process, tiny debonding and shear cracks also appeared in right 
shear span. The load ceased to increase and dropped from peak when the shear crack 
broadened and connected with debonding crack at bottom interface. In later stage, the 
load decreased gradually with growth of deflection due to sliding movement at bottom 
interface and deformation of connectors. The first load drop was due to sliding movement 
and separation of concrete core from bottom interface. Later, the two abrupt load drops 
were due to fracture of connectors, as shown in Figure 6.16 (c). Beams E2, E3 and E4 
display similar trend of load deflection behavior with that of E1. E3 and E4 also serve as 
pilot test specimens. After static ultimate load is reached, they are subject to cyclic load 
to get some preliminary information about fatigue test. So, load-deflection curves of E3 
and E4 are only available until ultimate load as shown in Figure 6.15 (b). E2 does not 
show significantly different load carrying capacity with other “E” beams although its 
arrangement of Expamet is different. 
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Load carrying capacities and predictions by analytical studies of all the static beam tests 
are summarized in Table 6.3. It is shown that at similar weight, shear resistance of 8-mm 
diameter connector combined with Expamet interface increased significantly compared to 
that of 10-mm diameter connector. Load carrying capacity and degree of composite of 
SCS beam are enhanced accordingly. This indicates that, with approximately the same 
steel consumption, textured surface and connector with smaller diameter behave better 
than connector with larger diameter alone in terms of shear load transfer and composite 
interaction. Continuous bond of textured surface improves static performance of the 
composites compared to that of smooth surface. Expamet wire mesh serves as a type of 
‘linear or surface connection’ which is complementary with ‘point connector’ such as 
shear stud. Hooked connectors are also beneficial to provide interaction between the two 
steel face plates and maintain good bonding at interface. 
The effect of Expamet to retard debonding of steel-concrete interface can be shown in 
Figure 6.19. The debonding loads of beams with Expamet interface almost double that 
with plain interface for either PL or FL concrete, as shown in Figure 6.19 (b) and (c) 
respectively. For those without any connectors, debonding load of beam infilled with FL 
is much higher than that cast with PL, indicating coalescence between Expamet and fiber-
reinforce concrete is better than with plain concrete, as shown in Figure 6.19 (a). 
Top and bottom slips for whole loading range are shown in Figure 6.20. Top slips are 
negligible compared to bottom slips and show positive values, which means concrete 
core experienced retraction movement relative to top steel plate. The only small negative 
value for beam PP is caused by protrusion movement of concrete blocks broken by larger 
shear crack. The bottom slips show roughly the same trend with their corresponding load 
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deflection curves, except that the slip values are smaller than deflections, as shown in 
Figure 6.16 (d). 
From the above-mentioned observations and analyses, it is shown that, for SCS beams 
with plain interface, the failure mechanism is as follows. The flexure causes mismatch in 
the curvatures between steel face plates and concrete core, which result in debonding and 
separation at steel-concrete interfaces. Debonding cracks induce relative slip between 
steel face plates and concrete core, which is reflected by nonlinear behavior of relative 
slip curves at their earlier stage. Development of relative slip leads to shear cracks in 
concrete core. Extension and widening of shear cracks cause the load deflection behavior 
into a nonlinear manner. After a certain period of nonlinear load deflection behavior, the 
connectors are finally fracture by the excessive shear force and deformation. However, 
for beams with Expamet interface, shear cracks initiate and widen widely long before 
debonding occurs due to effect of textured interface to retard debonding. This can be 
compared clearly in Figure 4.18 (b) and Figure 6.18 (a). The load carrying capacity also 
increases a significantly due to the enhanced bonding strength. 
The variation of strains on steel face plates are shown in Figure 6.21. It is shown that the 
maximum strains on both tension and compression steel face plates of beam with 
Expamet interface are larger than that with plain interface due to its larger load carrying 
capacity. For both types of beams, the strains increase linearly with the load increment. 
No significant nonlinear or plastic behaviors occur, which means steel face plates do not 
yield in the partially composite beams. For all beams, either with Expamet or plain 
interface, strain on tension steel face plate, RL, is larger than that on compression steel 
face plate, SL, which indicates that the lower part of the concrete core is cracked due to 
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its low tensile strength and does not take any load. The neutral axis rises above geometric 
centroid of beam cross section, which leads to larger tensile force in bottom steel face 
plate. 
Figure 6.22 (a) shows the variation of strain on hooked connectors at different positions 
from start of loading to peak load.  It is seen that strains on both connectors are negligible 
before debonding occurs, which implies no significant loads have been acted on 
connectors prior to debonding. The strain on connector near beam end, L-5, experienced 
more abrupt increase than that near loading point, L-2, which indicates more change of 
curvature happened near beam end and L-5 was subject to more deformation. 
Comparison of connector strain for different steel-concrete interfaces is shown in Figure 
6.22 (b). It is demonstrated that at the same levels of strains, the load of beam with 
Expamet interface is higher than that with plain interface. After debonding occurs, at the 
same levels of loads, connector strain in beams with Expamet interface is smaller than 
that with plain interface, indicating Expamet textured interface shared part of shear force 
at steel-concrete interface. Thus, load carrying capacity of beams with Expamet interface 
increased a lot even if its connector diameter is smaller than that in beams with plain 
interface. 
6.4.3 Beam Fatigue Tests 
The static ultimate load Pu is the average of the peak loads of beams tested statically. For 
beams with plain interface, it is average of specimen P1 and P2. While it is average of E1, 
E3 and E4 for beams with Expamet interface. This load is set as reference static strength 
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of SCS beam for fatigue tests. The static test can be deemed as the case when maximum 
applied load Pmax equals Pu. Fatigue life Nf = 1 can be assigned to statically tested 
specimen. The fatigue life of beams with either plain or Expamet interface subjected to 
fatigue tests is shown Table 6.4. Fatigue data is plotted in Figure 6.23. 
Similarly, Equation (5.6) is also applicable to beams with Expamet interface, as shown in 
Figure 6.24. The three values of load range ratio ΔP / Pu result in three corresponding 
regression lines whose correlation coefficients are all higher than 97%. The linear 
regression of k to ΔP / Pu results in coefficients a equal to 0.0381 and b equal to 0.0187 
respectively with correlation coefficients over 98%. 
For structural component made of homogeneous material, the nominal shear stress on the 
cross section is calculated as follows: 
Ib
QS            (6.3a) 
where Q is shear force; S is first moment of area of the part above where τ is calculated; I 
is second moment of cross section area; b is width at which τ is calculated. 
However, for composite structural component such as SCS sandwich, the nominal shear 
stress at bottom steel-concrete interface is calculated as follows: 
 )(SEDbQ                     (6.3b) 
where D is flexural rigidity of cross section area; E is elastic modulus of materials. 
To make a visualized comparison of fatigue performance between SCS beams with 
different types of interface, a concept of “virtual shear stress” is introduced. The shear 
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stress shared by Expamet meshes is also “added” to resistance by connectors. And this 













            (6.4) 
where Q is shear force; S is first moment of area of the part above where τ is calculated; 
E is elastic modulus of materials; D is flexural rigidity of cross section area; Bt is width at 
which τ is calculated; d is diameter of the connector; sx and sy are connector spacing in 
longitudinal and lateral directions respectively. The characteristic static ultimate strength 
of 8mm-diameter hooked connectors with Expamet interface is thus determined as 
620N/mm2 from beam static tests. 
Similar with Equation (5.18) for 10mm-diameter hooked connectors and plain interface, 
proposed fatigue design equation for 8mm-diameter hooked connectors with Expamet 






       (6.5) 













        (6.6) 
Results of specimen PM and EM were used to verify the design Equation (5.17) and (6.5) 
respectively. Their Miner’s summations are both much greater than 1, which implies 
these design equations are conservative and on the safe side. 
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A worked example to show enhancement of fatigue performance by textured interface is 
tabulated in Table 6.5. Assumptions are the same as that in worked example in chapter 5. 
Life ratio between proposed fatigue design Equation (6.6) and Equation (5.18) is 1.38. It 
is demonstrated that to improve fatigue performance of SCS composite structures, 
textured interface such as Expamet is a superior choice when aimed to increase fatigue 
life with no addition on structural weight. This is a prominent advantage for weight-
sensitive structure e.g. ships. 
Similar to Equation (5.25), τmin can be assumed zero and τmax thus can be replaced by Δτ 







             (6.7) 
Figure 6.25 presents the comparison results with fatigue design equations in existing 
codes. It is demonstrated that the three-parameter fatigue design equation can be 
degenerated to similar design curves in existing codes. From Figure 6.25, it is concluded 
that without introducing additional weight to structures, connector of smaller diameter 
with Expamet interface show enhanced fatigue performance. This is the result of 
increased bonding strength by Expamet textured interface. Expamet interface can share 
shear force and thus increase static load carrying capacity and enhance fatigue 
performance of SCS sandwich beam. Diameter of connector in beams with Expamet 
interface is 8mm and smaller than that in beams without Expamet interface. Similar to 
discussion after Equation (5.25), at lower stress levels, the larger cross section area of 
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10mm-diameter connector allows the fatigue crack to take longer life to propagate than in 
smaller cross section area of 8mm-diameter hooked connector. This is thought to be the 
reason why in lower stress, the fatigue life of 8mm-diameter hooked connector is less 
than that of 10mm-diameter hooked connector. 
From the three-parameter fatigue design equation, it is shown that the fatigue life of 
connector or structure is related to Δτ, τmax and τu. There are various methods to enhance 
fatigue life of a component. As in most circumstances the loads are out of control, 
methods are mainly done on τu to satisfy the fatigue requirement. There are mainly two 
types of method to enhance τu: direct method and indirect method. Direct method 
includes increasing strength or diameter of connector. Normal indirect method is to 
decrease spacing of connectors, thus decreasing share of shear load in individual 
connector. However, the abovementioned methods may also increase the weight of the 
structure when enhancing fatigue performance. Introducing textured interface, e.g. 
Expamet, provides a new indirect method to enhance fatigue performance of composite 
beam. As a large portion of shear load is shared by textured interface, shear stress in the 
connector is decreased accordingly. Without increasing weight of the structure while 
increasing shear capacity is a prominent advantage of textured interface method and 
make it superior to conventional methods in application to weight-sensitive structure e.g. 
ships. In present study of fatigue performance, all of the shear stress shared by Expamet 
meshes is added to resistance by connectors, which makes strength of connectors increase 
a lot. Sharing of shear stress by Expamet can also be added partially by considering 
deformation behavior. This may lead to more conservative results. 
 212
 Chapter 6                                                                       Strength Improvement of SCS by Textured Interface 
6.5 Summary 
Textured interface, in the form of Expamet, is proposed to improve strength of SCS 
sandwich composite. Push-out tests show that bond strength of textured interface 
increased significantly compared to that without it. With addition of Expamet interface, 
debonding does not take place until shear cracks developed and widened considerably. 
Test evidence show that textured interface can improve composite action and thus 
increase the load carrying capacity of composite sandwich beams. 
Continuous bond of textured interface improves static performance of composites 
compared to that with plain interface. This is shown by the measured load carrying 
capacity, load deflection curves, steel plate strain, connector strain and relative slip 
response. Load carrying capacity enhancement by Expamet is superior to conventional 
stud shear connectors. Expamet meshes can serve as a type of ‘linear or surface 
connector’ which is complementary with ‘point connector’ such as shear stud. 
Mechanical anchorage of this type of textured interface inhibits formation of cracks in 
infill concrete core and retards debonding at steel-concrete interface, thus increasing 
static load carrying capacity of SCS sandwich composites. 
Fatigue tests on SCS beams show that fatigue life is influenced by both maximum applied 
stress and stress range. A three-parameter fatigue design equation, taking into account 
both stress range and maximum applied stress, is proposed for beams with either plain or 
Expamet interface. An example demonstrates that Expamet improves fatigue 
performance of SCS composite structures with no addition on structural weight. This is a 
superior choice with an aim to increase fatigue life for weight-sensitive structures. From 
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the above analyses, it is thus concluded that by introducing textured interface to steel-
concrete composites, bond, static and fatigue strength can be improved compared to that 
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Table 6.1 Mesh dimensions (mm) 
Diamond size 
SW LW 
Material thickness Strand width 
22 57 3.0 3.0 
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Shear resistance  
PRk (kN) or  
bond strength τb 
(N/mm2) 
HPF-10 FL 48 11.10 Connector fracture 24 kN 
HPP-10 
10.00 
PL 41 3.34 Concrete crushing 21 kN 





PL 30 5.77 Connector fracture 15 kN 
NEF E 143 0.25 Concrete peel off 1.79 N/mm2 
NETF ET 
FL 
101 0.37 Concrete peel off 1.27 N/mm2 






84 0.18 Concrete peel off 1.05 N/mm2 
HEF-8 E 146 0.38 Connector fracture 73 kN 
HETF-8 ET 
FL 
129 0.45 Connector fracture 65 kN 






111 0.46 Connector fracture 55 kN 
 (a “E” denotes Expamet interface, LW of mesh is in same direction with beam length; “ET” denotes Expamet interface, LW of mesh 
is in same direction with beam width; “P” denotes plain interface. 
b Elastic modulus of FL concrete Ec=12.3×103N/mm2, cylinder compressive strength is fc=28N/mm2; Elastic modulus of PL concrete 
Ec=11.7×103N/mm2, cylinder compressive strength is fc=24N/mm2) 
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NEF 32.2 64.9 E FL 6.02 6.02 70.6 32.6 1.43 0.25 54 60 0.89 
NEP 26.2 61.8 E PL 6.03 6.01 70.6 32.6 0.94 0.16 35 36 0.98 
PP 27.9 61.3 P PL 5.96 5.94 78.1 35.8 20.7 0.32 74 70 1.06 
EP 26.4 62.8 E PL 5.97 5.95 71.8 33.1 26.2 0.40 87 89 0.97 
P1 33.9 64.8 P FL 5.92 5.98 77.9 35.8 23.8 0.36 85 80 1.06 
P2 33.3 65.0 P FL 5.96 5.99 77.9 35.7 23.8 0.36 85 83 1.02 
E1 27.5 66.6 E FL 5.95 5.92 71.7 32.9 35.1 0.54 116 131 0.89 
E2 32.1 66.2 ET FL 5.96 6.06 71.7 33.3 29.2 0.44 97 112 0.87 
E3 32.6 65.3 E FL 6.00 5.97 72.5 33.3 35.1 0.54 117 118 1.00 
E4 28.5 65.8 E FL 5.96 5.96 71.9 33.1 35.1 0.54 116 112 1.04 
(Beam span × width=1100mm×250mm; Elastic modulus of steel Es=1.98×105N/mm2; Steel plate yield strength fy=350N/mm2; Tensile strength 
fu=500N/mm2; Elastic modulus of FL concrete Ec=12.3×103N/mm2; Elastic modulus of PL concrete Ec=11.7×103N/mm2 
a “E” denotes Expamet interface, LW of mesh is in same direction with beam length; “ET” denotes Expamet interface, LW of mesh is in same 
direction with beam width; “P” denotes plain interface. 
b For Expamet interface, two times of mesh thickness (6mm) are deducted from concrete core thickness. 
c For 10mm-diameter hooked connector, it is shear resistance of the connector, in kN; For 8mm-diameter hooked connector combined with 
Expamet interface, it is shear resistance of the connector plus bonding force at area of 125mm×100mm, in kN; For beam without connectors, shear 
resistance is bonding strength at area of shear span × beam width, in N/mm2. Reduction factor of 0.8 and 0.9 on bonding strength obtained from 
push-out tests are adopted for beams without and with hooked connectors, respectively. 
 d α = nPRE / fyBtt)
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Table 6.4 Results of beam fatigue tests 





























P97 31.7 63.9 6.00 5.91 78.1 35.4 0.37 0.9 0.7 0.2 2.0 1926 0.27 
P95 28.1 63.4 5.96 5.92 78.5 35.7 0.37 0.9 0.5 0.4 2.0 22675 3.15 
P94 27.2 62.8 5.91 5.98 76.4 35.2 0.36 0.9 0.4 0.5 5.0 39929 2.22 
P87 30.4 64.3 5.99 5.98 78.0 35.7 0.36 0.8 0.7 0.1 2.0 18840 2.62 
P85 32.4 64.1 5.94 5.84 78.2 35.4 0.37 0.8 0.5 0.3 2.4 1088011 125.93 
P84 30.4 64.8 5.94 5.95 78.4 35.9 0.37 0.8 0.4 0.4 5.5 2404819 121.46 
P54 27.1 63.2 5.95 6.03 78.4 36.1 0.36 0.5 0.4 0.1 5.0 5024155 279.12 
0.4 0.3 0.1 7.0 10921078 433.38 
PM 29.5 64.2 5.97 5.93 77.6 35.4 0.37 
0.8 0.65 0.15 2.2 8514 1.08 
E97 27.8 63.9 5.96 5.87 70.8 32.3 0.55 0.9 0.7 0.2 2.0 495 0.07 
E95 29.4 65.3 5.96 5.96 71.4 32.9 0.54 0.9 0.5 0.4 2.0 1595 0.22 
E935 28.0 64.3 5.94 5.94 72.3 33.2 0.54 0.9 0.35 0.55 2.0 2348 0.33 
E87 31.6 65.5 5.96 5.92 72.1 33.1 0.54 0.8 0.7 0.1 2.0 9980 1.39 
E85 27.4 65.9 6.01 6.01 72.0 33.1 0.53 0.8 0.5 0.3 2.0 176473 24.51 
E835 31.5 63.4 5.98 6.02 70.7 32.7 0.53 0.8 0.35 0.45 5.0 767854 42.66 
0.4 0.3 0.1 5.2 6210532 331.76 
EM 27.0 65.4 5.94 6.03 71.0 33.0 0.53 
0.75 0.5 0.25 2.5 128433 14.27 
(Beam span × width=1100mm×250mm; Elastic modulus of steel Es=1.98×105N/mm2; Steel plate yield strength fy=350N/mm2; 
Tensile strength fu=500N/mm2; Elastic modulus of FL concrete Ec=12.3×103N/mm2. 
a “P” denotes plain interface. “E” denotes Expamet interface, LW of mesh is in same direction with beam length. The digitals are 
values of P / P  and ΔP / P . “M” denotes multiple load range. max u u
b For Expamet interface, two times of mesh thickness (2×3mm=6mm) are deducted from concrete core thickness. 
c This time is pure test machine running time for fatigue tests. It does not include the time for test set-up or taking static loops 
periodically, etc.) 
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(Eq. 6.6)  
ni / Ni  
(Eq. 5.18) 
ni / Ni  
(Eq. 6.6) 
1 10 60 50 40 72.1 62.0 0.555 0.645 
2 10 80 70 8 12.2 29.5 0.654 0.271 
3 30 100 70 1 8.6 24.2 0.116 0.041 
∑ (ni / Ni)  1.324 0.958 
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                              (a) As fencing          (b) Used in brickwork 
Figure 6.1 Selected applications of Expamet 
   
Long way of mesh pitch 
(measured Knuckle to Knuckle) 
(LW) 




(a) Checkered plate    (b) Knuckles in Expamet   (c) Mesh dimensions 
     
(d) Test set-up for Expamet material property   (e) Strand of Expamet for material test 
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(f) Stress-strain curve of Expamet 
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(a) Connector layout and dimensions of push-out specimen (unit: mm) 
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(b) Instrumentation  
Figure 6.3 Push–out test set-up 
 
                     
(a) 10mm-diameter                                                   (b) 8mm-diameter 
Figure 6.4 Profile of hooked connector (unit: mm) 
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      (a) Top steel plate                                                  (b) Bottom steel plate 
Figure 6.5 Steel face plates with 10mm-diameter hooked connectors (unit: mm) 
 
   
(a) Top steel plate                                                   (b) Bottom steel plate 
Figure 6.6 Steel face plates with 8mm-diameter hooked connectors (unit: mm) 
 
   
 (a) With 10mm-diameter hooked connectors (b) With 8mm-diameter hooked connectors 
Figure 6.7 SCS sandwich beams before casting 
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                 (a)  
 
                 (b)                                      (c)                                           (d)  
(a) Fractured surface of connector embedded in concrete core 
(b) Fractured surface of connector above weld collar on steel face plate 
(c) Deformation of hooked connector pushed by PL concrete 
(d) Crushing and powdering of PL concrete in bearing zone surrounding connector 































Figure 6.9 Load slip behavior of hooked connectors 
 
     
                            (a) Without connectors                (b) With connectors 

























































(b) With connectors 
Figure 6.11 Load slip behavior of specimens with textured interface 
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             (a) Concrete resided in meshes              (b) Textured surface on infill concrete 
Figure 6.12 Peeling off of concrete core 
     
                 (a) On textured steel plate                      (b) Embedded in concrete core 
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(a) Initiation of shear crack 
 
(b) Connection of shear crack and debonding crack 
 
(c) Failure mode of beam NEP 
























































(b) With FL concrete core 
Figure 6.15 Load deflection behaviors at early stage 
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         (b) Beams with PL concrete core 
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(d) All beams 
Figure 6.16 Load deflection behavior of whole range 
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                         (a) Left span                                              (b) Right span 
Figure 6.17 Initiation of shear crack in beam EP 
   
   (a) Left span                                              (b) Right span 
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Relative slip d  ( m m  )  
(b) With PL concreter core 
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Relative slip d  ( m m )  
(d) All 
Figure 6.19 Load bottom slip behavior at early stage (δL-b or δR-b which initiates earlier) 
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(b) Bottom slip 
Figure 6.20 Load relative slip behavior in the whole loading 
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(b) Beam with Expamet interface 
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(b) Interface effect 
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Figure 6.23 Data distribution of fatigue life for beams with Expamet interface 
 
 
Figure 6.24 Regression relationship of fatigue life and maximum applied load ratio for 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 
 
7.1 Conclusions 
The aim of this research topic is to propose a lightweight SCS sandwich system for 
marine and offshore applications. Based on the research work, novel lightweight SCS 
sandwich system with thin core depth and lightweight infill concrete has been developed. 
Lightweight concrete with expanded clay and expanded glass aggregates has been 
developed to achieve compressive strength of 30N/mm2 and density less than 1450kg/m3. 
Addition of steel fibers improves both static and fatigue behavior of lightweight concrete 
from brittle to pseudo-ductile under both compression and tension.  Hook-ended steel 
fibers show better performance than straight steel fibers and PVA fibers. One percent 
volume fraction dosage is recommended if cost is taken into consideration. 
A three-parameter fatigue design equation is proposed. It is shown that both maximum 
applied load and load range affect the fatigue performance. Considering only stress range 
without considering maximum applied stress will over predict the fatigue life. From the 
S-N curves comparison, it is demonstrated hooked connector show comparable fatigue 
performance with conventional headed shear studs. 
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Textured interface, in the form of Expamet, is proposed to improve strength of SCS 
sandwich. It is demonstrated that Expamet improves bond strength and load carrying 
capacity SCS sandwich. Expamet also improves fatigue performance of SCS sandwich 
with no additional structural weight. This is a superior choice with an aim to increase 
fatigue life for weight-sensitive structures, e.g. ships. Thus, Expamet meshes can serve as 
‘continuous surface connector’ which is complementary to ‘point connector’ such as 
shear stud. 
1.  SCS sandwich profiles for marine and offshore applications 
Based on comparison studies of a 16K DWT class product/chemical carrier, without 
exceeding steel consumption of its whole ACS, thickness of steel face plates in SCS 
sandwich panel employed in ship double hull construction can be set in the range of 6 to 
8 mm. A reasonable concrete core thickness of 80 mm can be adopted for lightweight 
concreter with elastic modulus of 10 to 12 kN/mm2. In general, thickness of steel face 
plates in SCS sandwich panel can be set as half of original steel plate thickness in marine 
and offshore structures. 
Based on local comparison studies of a typical stiffened steel plate on bottom shell, two 
alternative structural girder systems are proposed to enhance local stiffness of double-hull 
after removing the longitudinal stiffeners. Without exceeding steel consumption of ACS, 
the proposed 10mm and 6mm thick girder systems have larger flexural rigidity than that 
of original stiffened steel plate. 
For infill materials employed in SCS construction for marine and offshore applications, 
density should not be the only determination factor. Elastic modulus/density ratio or 
strength/density ratio is equivalently important parameter for infill material development. 
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The research focus is therefore directed to develop lightweight and high-strength material 
rather than selecting infill material only based on lightweight consideration. 
2. Development of fiber-reinforced lightweight concrete 
Hook ended steel fibers show superior properties than the other two types of fibers and is 
recommended in fiber-reinforced LWAC application. One percent volume fraction 
dosage is recommended if cost is taken into consideration. Expanded clay type of 
lightweight coarse aggregate and expanded glass type of lightweight fine aggregate are 
selected for lightweight aggregate concrete development. Properties of the fiber-
reinforced LWAC show that the developed lightweight aggregate concrete reinforced by 
hook-ended steel fibers satisfies requirements based on the comparison studies. 
Addition of steel fibers improves lightweight concrete from brittle behavior to pseudo-
ductile behavior both under compression and split tension. Fiber reinforced LWAC also 
increases tensile, flexural strength and energy absorption capacity compared to plain 
LWAC. The improved properties of higher tensile strength, pseudo-ductility and higher 
energy absorption capacity are essential to satisfy the strength, fatigue and impact 
performance for steel-concrete-steel composites subject to severe loading conditions. 
Regression models are obtained for both plain LWAC and fiber reinforced LWAC with 
reasonable values of coefficient of determination based on fatigue test results. From the 
regression lines, it is demonstrated that fatigue strength (endurance limit at 2×106 cycles) 
of plain LWAC is 0.55 that of corresponding static strength while that of fiber reinforced 
LWAC is 0.70. Fatigue strength increase is more than 30%. Regression analysis of 
fatigue test results shows potential of better fatigue performance of fiber reinforced 
LWAC than that of plain LWAC, which means that fiber reinforced LWAC shows larger 
 - 242 -
Chapter 7                                                                                                           Conclusions and Future Work 
 
value of fatigue life at the same stress level than that of plain LWAC and shows larger 
value of fatigue strength at identical fatigue life. 
3. Static behavior of SCS sandwich composite 
The failure mechanism of SCS sandwich member is found based on observations of static 
tests. It is indicated that the flexure causes mismatch in the curvatures between steel face 
plates and concrete core, which result in debonding and separation at steel-concrete 
interfaces. Debonding cracks induce relative slip between steel face plates and concrete 
core. Development of relative slip leads to shear cracks in concrete core. Extension and 
widening of shear cracks after a certain period cause excessive shear force and 
deformation on connectors which are fractured finally. Therefore, failure of SCS 
sandwich composite is mainly caused by debonding and relative slip at steel-concrete 
interface, which lead to large shear cracks and fracture of connectors. It is thus proposed 
to adopt one type of textured interface, i.e. Expamet, to improve strengths of steel-
concrete composite. 
4. Fatigue performance and design guide on SCS sandwich composite 
From the experimental investigation, it is demonstrated that fatigue performance of 
structural member is influenced by two, rather than only one, loading parameters. 
Maximum applied load or stress and load range or stress range affect equally and 
independently on structural behavior of SCS sandwich member, which is reflected by 
permanent deformation, hysteretic response, stiffness and energy absorption capacity. 
Fatigue life reduces when load range or maximum applied load increase.  
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A multiple parameter fatigue design equation is proposed based on test results. By 
introducing static ultimate strength into the design equation, material partial factor for 
fatigue γMf can be employed, which is an improvement compared to fatigue design 
equations in conventional codes in which γMf is adopted indirectly by multiplying it to 
stress range.  
The simple example shows that maximum applied stress yields significant effect on 
fatigue performance when difference between it and stress range is considerable. In this 
case, only considering stress range without taking into account maximum applied stress 
will lead to un-conservative prediction of fatigue life. 
To make consistent comparison with existing codes, minimum applied stress in the 
proposed equation can be assumed zero and maximum applied stress thus can be replaced 
by stress range. It is demonstrated that the three parameter fatigue design equation can be 
degenerated to similar design curves in existing codes. From the S-N curves comparison, 
it is demonstrated the hooked connector bear comparable fatigue performance with 
conventional headed shear studs. 
5. Strength improvement of SCS sandwich composite by textured interface 
Textured interface, in the form of Expamet, is proposed to improve strength of SCS 
sandwich composite. Push-out tests show that bonding strength of textured interface 
increased significantly compared to that without it. For SCS sandwich composite beam 
with plain interface, debonding occurred at very early stage before shear cracks 
developed. After addition of Expamet interface, debonding does not take place until shear 
cracks initiate and widen significantly, indicating textured interface improves composite 
action between steel and concrete. 
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Continuous bond of textured interface improves static performance of composites 
compared to that with plain interface. This is shown by the measured load carrying 
capacity, load deflection curves, steel plate strain, connector strain and relative slip 
response. Load carrying capacity enhancement by Expamet is superior to conventional 
methods, such as increasing diameter of connectors or reducing their spacing, because no 
additional structural weight is added. Expamet meshes can serve as a type of ‘linear or 
surface connector’ which is complementary with ‘point connector’ such as shear stud. 
Mechanical anchorage of this type of textured interface inhibits formation of cracks in 
infill concrete core and retards debonding at steel-concrete interface, thus increasing 
static load carrying capacity of SCS sandwich composites. 
Experimental investigation shows that fatigue performance of structural member is 
influenced by both maximum applied stress and stress range. A three-parameter fatigue 
design equation, taking into account both stress range and maximum applied stress, is 
proposed for beams with either plain or Expamet interface. An example demonstrates that 
Expamet improves fatigue performance of SCS composite structures with no additional 
structural weight. This is a superior choice with an aim to increase fatigue life for weight-
sensitive structures. From the above analyses, it is thus concluded that by introducing 
textured interface to steel-concrete composites, bonding, static and fatigue strength can 
be improved compared to that without textured interface. 
7.2 Future Work 
The followings are some recommendations or ideas for further studies to obtain a better 
understanding on the behaviour of SCS sandwich composites or broaden its applications: 
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i) The target of this research topic is to propose a lightweight SCS sandwich 
composite system for marine and offshore applications and also other deck-like 
structures. Concrete weight is a major concern in SCS sandwich structures for 
marine and offshore applications. Great advances have been made in recent years in 
developing special light-weight aggregates for concretes that enable significant 
reduction in their densities. There are many examples of such aggregates, such as 
natural pumice, plastic foam materials, expanded clay and expanded glass, etc. A 
special type of lightweight aggregate concrete using expanded clay and expanded 
glass has been developed in this research work. Standard casting procedure has also 
been proposed to ensure good workability and quality of the concrete. Its strength-
to-density is enhanced compared to LWAC using natural sands as fine aggregates 
and LWAC using AEA. The strength-to-density ratio may be further improved by 
further investigation of other types of even lighter and stronger lightweight 
aggregates.  
ii) The lightweight SCS sandwich composite system proposed in this research work 
focuses on the replacement of stiffened steel plates in ship double hull construction. 
They are plate-like structures and in flat form. The lightweight SCS sandwich 
composite system may also be used in a curved shell form to replace concrete ice 
caisson with serrated outer edges. Figure 7.1 (a) shows concrete ice caisson with 
serrated outer edges designed to counter icebergs. 
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Concrete ice caisson 
with serrated outer 
edges 
(a) Concrete ice caisson with serrated outer edges designed to counter icebergs 
 
SCS sandwich curved 
shell  
(b) SCS sandwich curved shell caisson with serrated outer edges designed to counter 
icebergs 
Figure 7.1 Oil drilling platforms in arctic region 
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This concrete ice caisson needs to be very heavy to resist iceberg loads and thus 
causes reduction on payload of the topside drilling platforms. There may also exist 
problems of permeability, chloride penetration and sulfate attack for concrete in sea 
water conditions. By replacing the concrete ice caisson with lightweight SCS 
sandwich curved shell (See Figure 7.1 (b)), more payload can be achieved topside 
drilling platforms. The steel face plates also serve as protection skins to the inside 
concrete. 
iii) If the lightweight SCS sandwich curved shell are to be applied in the harsh 
environment of arctic region, the static and fatigue performance of SCS sandwich in 
cold weather or low temperature should be investigated. This may include static and 
fatigue properties of lightweight aggregate concrete and steel in low temperature. 










American Association of State Highway and Transportation Officials. (AASHTO, 1994). 
AASHTO LRFD Bridge Design Specifications, Washington, D. C., First Edition. 
American Bureau of Shipping. (ABS, 2005). Rules for Building and Classing, Steel 
Vessels 2005, Part 3, Hull Construction and Equipment. 
American Concrete Institute. (ACI, 1992). State-of-The-Art Report on Bond under Cyclic 
Loads, reported by ACI Committee 408, Detroit, Mich.: American Concrete Institute. 
American Institute of Steel Construction. (AISC, 1999), Load and resistance factor 
design specification for structural steel buildings, Chicago. 
American Society for Testing and Materials. (ASTM A 913/A 913M-04, 2004). Standard 
Specification for High-Strength Low-Alloy Steel Shapes of Structural Quality, Produced 
by Quenching and Self-Tempering Process (QST). 
American Society for Testing and Materials. (ASTM C1018-97, 1997). Standard Test 
Method for Flexural Toughness and First-Crack Strength of Fiber-Reinforced Concrete 
(Using Simple Beam with Third-Point Loading), USA. 
American Society for Testing and Materials. (ASTM C349-02, 2002). Standard Test 
Method for Compressive Strength of Hydraulic-Cement Mortars (Using Portions of 
Prisms Broken in Flexure). USA. 
American Society for Testing and Materials. (ASTM C78-02, 2002). Standard Test 
Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point 
Loading). USA. 
American Society for Testing and Materials. (ASTM C496/C496M – 04, 2004). Standard 
Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens. USA. 
American Society for Testing and Materials. (ASTM C1609/C1609M-05, 2005). 
Standard Test Method for Flexural Performance of Fiber-Reinforced Concrete (Using 
Beam with Third-Point Loading), USA. 
 249
                                                                                                                                                          References 
 
Ahn, J. H., Kim, S. H., and Jeong , Y. J. (2007). “Fatigue experiment of stud welded on 
steel plate for a new bridge deck system.” Steel and Composite Structures, 7(5), 391-404, 
Oct. 
Aidoo, J., Harries, K. A., and Petrou, M. F. (2004). “Fatigue Behavior of Carbon Fiber 
Reinforced Polymer-Strengthened Reinforced Concrete Bridge Girders.” Journal of 
Composites for Construction-ASCE, 8(6), NOV-DEC, 501-509. 
Aidoo, J., Harries, K. A., and Petrou, M. F. (2006). “Full-scale experimental investigation 
of repair of reinforced concrete interstate bridge using CFRP materials.” J. Bridge Eng., 
11(3), 350–358. 
Aksu, S., Cannon, S., Gardiner, C., and Gudze, M. (2002). “Hull Material Selection for 
Replacement Patrol Boats-An Overview.” DSTO Aeronautical and Maritime Research 
Laboratory, Australia. 
Albrecht, P., Li, W. L., and Saadatmanesh, H. ( 1995). “Fatigue Strength of Prestressed 
Composite Steel-Concrete Beams.” Journal of structural engineering-ASCE, 121(12), 
DEC,1850-1856. 
Allen, H. G. (1969). Analysis and design of structural sandwich panels, Oxford , New 
York , Pergamon Press. 
Androic, B., Dzeba, I., and Dujmovic, D. (2000). International Structural Steel Sections: 
Design Tables According to Eurocode 3, Ernst & Sohn. 
Barnby, J. T. (1972). Fatigue, Mills & Boon Limited, U.K. 
Brena, S. R., Benouaich, M. A., Kreger, M. E., and Wood, S. L. (2005). “Fatigue tests of 
reinforced concrete beams strengthened using carbon fiber-reinforced polymer 
composites.” ACI Struct. J., 102(2), 305–313. 
Barnes, R. A., and Mays, G. C. (1999). “Fatigue performance of concrete beams 
strengthened with CFRP plates.” J. Compos. Constr., 3(2), 63–72. 
Basquin, O.H. (1910). “The exponential law of endurance tests.” Proceedings of the 
American Society for Testing and Materials, ASTEA, vol. 10, pp. 625–630. 
Bazant, Z. P., and Schell, W. F. (1993). “Fatigue Fracture of High-Strength Concrete and 
Size Effect.”ACI Materials Journal, Sept.-Oct.. 
Bergan, P. G., Buene, L., Echtermeyer, A. T., and Hayman, B. (1994). “Assessment of 
FRP Sandwich Structures for Marine Applications.” Marine Structures, 7, 457-473. 
 250
                                                                                                                                                          References 
 
Bergan, P. G., and Bakken, K. (2005). “Sandwich Design: A Solution for Marine 
Structures?” International Conference on Computational Methods in Marine Engineering, 
MARINE 2005, CIMNE, Barcelona. 
Berge, S. (2003). Fatigue Design of Marine Structures, March, Department of Marine 
Technology, Norwegian University of Science and Technoloy, Norway. 
Bitzer, T. N. (1992). "Honeycomb Materials and Applications," in Sandwich 
Constructions 2- Proceedings of the Second International Conference on Sandwich 
Construction, Editors, D. Weissman-Bennan and K-A. 01sson, EMAS Publications, 
United Kingdom, pp. 681-691. 
Bowerman, H. G., Gough, M. S., and King, C. M. (1999). “Bi-Steel design and 
construction guide.” Scunthorpe: British Steel Ltd. 
Bowerman, H. G., Coyle, N., and Chapman, J. C. (2002). “An innovative steel/concrete 
construction system.” The Structural Engineer;80(20). 
Branch, A. E. (1996). Elements of Shipping, 7th ed., London: Chapman and Hall. 
British Standards. (BS 405, 1987). Specification for uncoated expanded metal carbon 
steel sheets for general purposes, British Standards Institution. 
British Standards. (BS 5400, 1980). Steel, concrete and composite bridges, Part 10, Code 
of practice for fatigue, British Standards Institution, London. 
British Standards. (BS 8110, 1997). Structural Use of Concrete. British Standards 
Institution, London. 
British Standards. (BS 5400, 1979). Steel, concrete and composite bridges, Part 5, Code 
of Practice for Design of Composite Bridges, British Standards Institution, London. 
British Standards. (BS 5950, 1990). The Structural Use of Steelwork in Building, Design 
in Composite Construction, Part 3.1,  Code of Practice for Design of Composite Beams. 
British Standards Institution, London. 
Chandra, S., and Berntsson, L. (2003). Lightweight aggregate concrete, Norwich, N.J. : 
Noyes Publications. 
Clubley ,S.K., Moy, S.S.J. and Xiao, R.Y. (2003a). “Shear strength of steel–concrete–
steel composite panels. Part I - testing and numerical modelling.” Journal of 
Constructional Steel Research, 59(6): 781–794. 
 251
                                                                                                                                                          References 
 
Clubley ,S.K., Moy, S.S.J. and Xiao, R.Y. (2003b). “Shear strength of steel–concrete–
steel composite panels. Part II - detailed numerical modelling of performance.” Journal 
of Constructional Steel Research, 59(6):795–808. 
Dai, X. X., and Liew , J. Y. R. (2006). “Steel-Concrete-Steel Sandwich System for Ship 
Hull Construction”, International Colloquium on Stability and Ductility of  Steel 
Structures, pp. 877-884, Lisbon, Portugal, September 6-8. 
Dodkins, A. R., Shenoi, R. A., and Hawkins, G. L. (1994). “Design of Joints and 
Attachments in FRP Ships' Structures.” Marine Structures, 7, 365-398. 
EN 1994-1-1, (2004). Eurocode 4 - Design of composite steel and concrete structures - 
Part 1-1: General rules and rules for buildings, CEN, Brussels. 
EN 1994-2, (2005). Eurocode 4 - Design of composite steel and concrete structures, Part 
2, General rules and rules for bridges. CEN, Brussels. 
EN 10025-2, (2004). Hot rolled products of structural steels—Part 2: Technical delivery 
conditions for non-alloy structural steels. CEN, Brussels. 
EN 206-1, (2000) Concrete - Part 1: Specification, performance, production and 
conformity, 74pp. 
Eyres, D. J. (1972). Ship Construction, Heinemann: London,1972. 
Fairbairn, W. (1849). An Account of the Construction of the Bretannia and Conway 
Tubular Bridges, John Weale, London. 
Faust, T., and König, G. (1998). “High Strength Lightweight-Aggregate Concrete.” 2nd 
Int. PhD Symposium in Civil Engineering, Institute for Structural Engineering and 
Building Material, University of Leipzig, Budapest. 
Feichtinger, K. A. (1988). "Test Methods and Performance of Structural Core Materials-l. 
Static Properties," 4th Annual ASM International Engineering Society of Detroit-
Advanced Composites Conference/Exposition, September 13-15. 
Foundoukos, N., Xie, M., and Chapman, J. C. (2007). “Fatigue tests on steel–concrete–
steel sandwich components and beams.” Journal of Constructional Steel Research, 63(7), 
922-940. 
Galanis, K. (2002). “Hull Construction with Composite Materials for Ships over 100m in 
length.” Master's Thesis, Dept. of Ocean Engineering, Massachusetts Institute of 
Technology. 
 252
                                                                                                                                                          References 
 
Goubalt, P., and Mayes, S. (1996). “Comparative analysis of metal and composite 
materials for the primary structures of a patrol craft.” Naval engineers journal, 387-394, 
MAY. 
Hall, D. J., and Robson, B. L. (1984). “A review of the design and materials evaluation 
programme for the GRP/foam sandwich composite hull of the RAN minehunter.” 
Composites, 15(4), 266-276, Oct. 
Hansen, E. E., and Abbott, S. P. (2005). “Lightweight Structures for Bridge 
Applications.” The 22nd Annual International Bridge Conference, June 13-15, Hilton 
Pittsburgh, Pittsburgh, Pennsylvania, U.S.A. 
Hop, T. (1968). “Fatigue of high strength concrete.” Build. Sci., 3, 65–80. 
Huang, C. K., and Zhao, G. F. (1995) “Properties of Steel Fibre Reinforced Concrete 
Containing Larger Coarse Aggregate.” Cement & Concrete Composites, 17(3), pp. 199-
206. 
Japanese Society of Steel Construction. (JSSC, 1995). Fatigue Design Recommendations 
for Steel Structures, Japanese Society of Steel Construction. 
Juvinall, R. C., and Marshek, K. M. (2000). Fundamentals of Machine Component 
Design, John Wiley & Sons, Inc.. 
Karbhari, V. M. (1997). "Application of Composite Materials to the Renewal of Twenty-
First Century Infrastructure," Proceedings of the Eleventh International Conference on 
Composite Materials, Gold Coast, Australian Composite Structures Society, RMIT, 
Fishennens Bend, Melbourne, Australia, July. 
Kennedy, S. J., and Kennedy, D. J. L. (2004). “Innovative Use of Sandwich Plate 
Systems for Civil and Marine Applications.” International Symposium: Innovation and 
Advances in Steel Structures, Singapore, 30-31, August. 
Klanac, A., and Kujala, P. (2004). “Optimal Design of Steel Sandwich Panel 
Applications in Ships.” 9th Symposium on Practical Design of Ships and Other Floating 
Structures, Luebeck-Travemuende, Germany. 
Kozak, J. (2003). “Fatigue tests of steel sandwich panel.” 5th International Conference 
on Marine Technology Szczecin, Poland, May, Source: Marine Technology V, Book 
Series: Marine and Maritime, Vol. 3, p 59-68. 
Kozak, J. (2005). “Strength tests of steel sandwich panel.” 11th International Congress of 
the International-Maritime-Association-of-the-Mediterranean (IMAM 2005)Lisbon, 
 253
                                                                                                                                                          References 
 
Portugal, Sep 26-30, Source: Maritime Transportation and Exploitation of Ocean and 
Coastal Resources, Vols 1 and 2 - Vol 1: Vessels for Maritime Transportation - Vol 2: 
Exploitation of Ocean and Coastal Resources, p 471-476.     
Kujala, K. and Tuhkuri, J. (1996). "All-Steel Corrugated-Core Sandwich Panels for Ship 
Structures," in Sandwich Construction 3-Proceedings of the Third International 
Conference on Sandwich Construction, Editor, H. G. Allen, EMAS Publications, United 
Kingdom, pp. 411-422. 
Kujala, P., Romanoff, J., Tabri, K., and Ehlers, S. (2004). “All Steel Sandwich Panels – 
Design Challenges for Practical Applications on Ships.” 9th Symposium on Practical 
Design of Ships and Other Floating Structures, Luebeck-Travemuende, Germany. 
Lee, M. K., and Barr, B. I. G. (2004). “An overview of the fatigue behaviour of plain and 
fibre reinforced concrete.” Cement & Concrete Composites, 26, 299–305. 
Lee, P. G., Shim C. S., and Chang, S. P. (2005). “Static and fatigue behavior of large stud 
shear connectors for steel–concrete composite bridges.” Journal of Constructional Steel 
Research, 61(9), 1270–1285,SEP. 
Lee, Y. L., Pan, J., Hathaway, R. B., and Barkey, M. E. (2004). Fatigue Testing and 
Analysis: Theory and Practice, Elsevier Butterworth-Heinemann. 
Liang, Q. Q., Uy, B., Wright, H. D., and Bradford, M. A. (2003). “Local and post-local 
buckling of double skin composite panels.” Proceedings of the Institution of Civil 
Engineers: Structures and Buildings, v 156, n 2, May, p 111-119. 
Lloyd’s Marine Business, (2000). “A New Concept for A New Age – The Sandwich 
Plate System (SPS) for Shipbuilding.” Marine Bulletin Special Report, September. 
Lo, T. Y., and Cui, H. Z., (2004). “Properties of Green Lightweight Aggregate Concrete.” 
International Workshop on Sustainable Development and Concrete Technology, Beijing, 
P. R. China, May 20–21. 
Lonno, A. and Hellbratt, S. E. (1996). "Use of Carbon Fibre in a 63M High Speed Vessel, 
YS2000, for the Swedish Navy," in Sandwich Construction 3-Proceedings of the Third 
International Conference on Sandwich Construction, Editor, H. G. Allen, EMAS 
Publications, United Kingdom, pp. 3-13. 
McKinley, B. and Boswell, L. F. (2002). “Behaviour of double skin composite 
construction.” Journal of Constructional Steel Research 58 (2002) 1347–1359. 
 254
                                                                                                                                                          References 
 
Mindess, S., Young, J. F., and Darwin, D. (2003). Concrete, 2nd ed., Upper Saddle River, 
NJ: Prentice Hall, USA. 
Miner, M. A. (1945). “Cumulative damage in fatigue.” Journal of Applied Mechanics, 
12:159–164. 
Mouritz, A. P., Gellert, E., Burchill, P., and Challis, K. (2001). “Review of advanced 
composite structures for naval ships and submarines”, Composite Structures, 53(1), 21-41, 
JUL. 
Muckle, W., and Taylor, D. A. (1987). Muckle’s Naval Architecture, 2nd ed., 
Butterworths & Co (Publishers) Ltd., London, U.K. 
Naaman, A. E., and Hammoud, H. (1998). “Fatigue Characteristics of High Performance 
Fiber-reinforced Concrete.” Cement and Concrete Composites, 20 (5), 353-363. 
Naar, H., Kujala, P., Simonsen, B. C., and Ludolphy, H. (2002). “Comparison of the 
crashworthiness of various bottom and side structures.” Marine Structures, v 15, n 4-5, 
July/October, Ship Collisions and Grounding, p 443-460. 
Nanni, A. (1991), “Fatigue Behavior of Steel Fiber Reinforced Concrete.” Cement & 
Concrete Composites, 13, pp 239-245. 
Narayanan, R., Wright, H. D., Francis, R. W., and Evans, H. R. (1987). “Double skin 
composite construction for submerged tube tunnels.” Steel Construction Today; 185–9. 
Narayanan, R., Roberts, T. M., and Naji, F. J. (1994). “Design guide for steel-concrete-
steel sandwich construction- volume 1: general principles and rules for basic elements.” 
Ascot, Berkshire: Steel Construction Institute. 
Narayanan, R., Wright, H. D., Evans, H. R. and Francis, R. W. (1988). “Load tests on 
double skin composite girders.” Proc. Int. Conf. Composite Construction. Henneker, 
New Hampshire, USA, 1988. 
Norton, R. L. (1996). Machine Design: An Integrated Approach, Prentice-Hall Inc.. 
Oduyemi, T. O. S., and Wright, H. D. (1989). “An Experimental Investigation into the 
Behaviour of Double-Skin Sandwich Beams.” Journal of Constructional Steel Research, 
Volume 14, Issue 3, Pages 197-220. 
Oh, B. H. (1991). “Fatigue-Life Distribution of Concrete for Various Stress Levels.” ACI 
Materials Journal, V. 18, No. 2, March – April, pp. 122-128. 
 255
                                                                                                                                                          References 
 
Ohno, T., Hirakawa, K., Aihara, K., and Toyama, K. (1978). “Fatigue strength of steel 
bar for prestressed concrete.” Sumitomo Met., 30(1),113–123. 
Ollgaard, J. G., Slutter, R. G., and Fisher, J. W. (1971). "Shear Strength of Stud Shear 
Connectors in Lightweight and Normal-Weight Concrete, " Engineering Journal, AISC, 
No. 8, April, pp. 55-64. 
Pantsar, H., Jansson, A., Salminen, A., and Kujanpaa, V. (2001). “Manufacturing 
procedure and costs analysis of laser welded all steel sandwich panels.” 20th 
International Congress on ICALEO 2001. Applications of Lasers and Electro-Optics. 
Congress Proceedings. Laser Materials Processing Conference. Laser Microfabrication 
Conference, pp 455-64. 
Pantsar, H., Salminen, A., Jansson, A., and Kujanpaa, V. (2004). “Quality and costs 
analysis of laser welded all steel sandwich panels.” Journal of Laser Applications, v 16, n 
2, May, p 66-72. 
Papakonstantinou, C. G., Petrou, M. F., and Harries, K. A. (2001). “Fatigue behavior of 
RC beams strengthened with GFRP sheets.” J. Compos. Constr., 5(4), 246–253. 
Petrou, M. F., Perdikaris, P. C., and Wang, A. (1994). “Fatigue behaviour of 
noncomposite reinforced concrete bridge deck models.” Transportation Research Record. 
1460, Transportation Research Board, Washington, D.C., 73–80. 
Pilkey, W. D. (1997). Peterson’s Stress Concentration Factors, John Wiley & Sons, Inc.. 
Plantema, F. J. (1966). Sandwich construction : the bending and buckling of sandwich 
beams, plates, and shells, New York, Wiley. 
Pryer, J.W. and Bowerman, H.G. (1998). "The development and use of British steel Bi-
Steel." Journal of Constructional Steel Research, 46(1-3):15. 
Ramakrishnan, V., and Panchalan, R. K. (2003). “Probabilistic Modeling of The Flexural 
Fatigue Performance of Lightweight Concrete.” Theodore Bremner Symposium on High-
Performance Lightweight Concrete, pp. 205-225. 
Rezansoff, T., Zacaruk, J. A., and Afseth, J. G. (1993). “High cycle (fatigue) resistance of 
reinforced concrete beams with lap splices.” Can. J. Civ. Eng., 20(4), 642–649. 
Rheinfrank, G. B. and Norman, W. A. (1944). "Molded Glass Fiber Sandwich Fuselage 
for BT-15 Airplane," Army Air Corps Technical Report No.5159, November 8. 
 256
                                                                                                                                                          References 
 
Roesler, J. R., Lange, D. A., Altoubat, S. A., Rieder, K. A., and Ulreich, G. R. (2004). 
“Fracture of Plain and Fiber-Reinforced Concrete Slabs under Monotonic Loading.” 
Journal of Materials in Civil Engineering, Sept.-Oct.. 
Roberts, T.M., Helou, A.J., Narayanan, R., Naji, F.J.(1995). “Design Criteria for Double 
Skin Composite Immersed Tunnels.” Proceeding of the third International Conference 
on Steel and Aluminium Structures, 24-26th May 1995, Istanbul. 
Roberts, T. M., and Dogan, O. (1998). “Fatigue of welded stud shear connectors in steel-
concrete-steel sandwich beams.” Journal of Constructional Steel Research, 45(3), 301-
320. 
Romanoff, J., and Kujala, P. (2001). “Optimum Design of Steel Sandwich Panels Filled 
with Polymeric Foams”, Proceedings from 6th International Conference on Fast Sea 
Transportation, Vol. 3, Southampton, U.K. 
Shah Khan, M. Z., and Grabovac, I. (2000). Repair of Damage to Marine Sandwich 
Structures: Part II - Fatigue Testing, Maritime Platforms Division, Aeronautical and 
Maritime Research Laboratory, Melbourne Victoria 3001 Australia, May, 2000. 
Shah, S. P., and Chandra, S. (1970). “Fracture of concrete subjected to cyclic and 
sustained loading.” ACI J., 67(10), 816–824. 
Shahawy, M., and Beitelman, T. E. (1999). “Static and fatigue performance of RC beams 
strengthened with CFRP laminates.” J. Struct. Eng., 125(6), 613–621. 
Shanmugam, N. E., Kumar, G., and Thevendran, V. (2002). “Finite element modelling of 
double skin composite slabs.” Finite Elements in Analysis and Design, 38,579–599. 
Shi, X. P., Fwa, T. F., and Tan, S. A. (1993). “Flexural Fatigue Strength of Plain 
Concrete.”ACI Materials Journal, Sept.-Oct.. 
Sim, J. S., and Oh, H. S. (2004), “Structural behavior of strengthened bridge deck 
specimens under fatigue loading.” Engineering Structures, 26, 2219–2230. 
Singer, F. L. (1975). Engineering mechanics. 3rd ed., Harper & Row,  New York, U.S.A. 
Singh, S. P., and Kaushik, S. K. (2000).  “Flexural Fatigue Life Distributions and Failure 
Probability of Steel Fibrous Concrete.” ACI Materials Journal, V.97, No. 6, Nov. – Dec., 
pp. 658-667. 
Singh, S. P., and Kaushik, S. K. (2003). “Fatigue strength of steel fibre reinforced 
concrete in flexure.” Cement & Concrete Composites, 25, 779–786. 
 257
                                                                                                                                                          References 
 
Singh, S. P., Mohammadi, Y., and Kaushik, S. K. (2005). “Flexural Fatigue Analysis of 
Steel Fibrous Concrete Containing Mixed Fibers.” ACI Materials Journal, V. 102, No. 6, 
Nov. – Dec., pp. 438-444. 
Steel Construction Institute. (SCI, 1994). SCI-P-131: Design guide for Steel-Concrete-
Steel sandwich construction- volume 1: general principles and rules for basic elements, R. 
Narayanan et al, the Steel Construction Institute. 
Subedi, N. K. (2003). “Double skin steel/concrete composite beam elements: 
experimental testing.” , The Structural Engineer, v 81, n 21, Nov 4, p 30-35. 
Suthiwarapirak, P., and Matsumoto, T. (2006). “Fatigue Analysis of RC Slabs and 
Repaired RC Slabs Based on Crack Bridging Degradation Concept.” Journal of 
Structural Engineering-ASCE, 132(6), June, 939-948. 
Tadros, M. K., Badie, S. S., and Girgis, A. M. (2001). “Innovative Interface Systems for 
Steel-Girders Concrete-Deck Connection.” International Symposium on Connections 
between Steel and Concrete, Vol. 1, Edited by R. Eligehausen, Stuttgart, Germany, Sept., 
10-12. 
Tan, K. H., Fung, T. C., and Lok, T. S. (1993). “Simplified thick plate analogy for the 
analysis of all-steel sandwich panels.” Structural Engineer, v 71, n 14, Jul 20, p 253-258. 
Tanker Structure Co-operative Forum. (1995). Tanker Structure Co-operative Forum, 
Guidelines for The Inspection and Maintenance of Double Hull Tanker Structures, 
Witherby & Co. Ltd. U.K.  
Tanker Structure Co-operative Forum. (1997). Tanker Structure Co-operative Forum, 
Guidance Manual for Tanker Structures, Witherby & Co. Ltd. U.K. 
Thomson, R., Luescher, R., and Grabovac, I. (1998). Repair of Damage to Marine 
Sandwich Structures: Part I - Static Testing, Maritime Platforms Division, Aeronautical 
and Maritime Research Laboratory, Melbourne Victoria 3001 Australia, October. 
Tilly, G. P. (1979). “Fatigue of steel reinforcement bars in concrete: a review.” Fatigue 
Fract. Eng. Mater. Struct., 2(3), 251–68. 
Tomlinson, M., Tomlinson, A., Chapman, M. L., Jefferson, A. D., and Wright, H. D. 
(1989). “Shell composite construction for shallow draft immersed tube tunnels.” In: 
Proceedings of the ICE international conference on immersed tube tunnel techniques. 
Manchester (UK): Thomas Telford. 
Weman, K. (2003). Welding Processes Handbook, Cambridge: Woodhead. 
 258
                                                                                                                                                          References 
 
Whitehead, S., McDonald, M., and Bartholomeusz, R. A. (2000). Loading, Degradation 
and Repair of F-111 Bonded Honeycomb Sandwich Panels - Preliminary Study, 
Airframes and Engines Division, Aeronautical and Maritime Research Laboratory, 
Melbourne Victoria 3001 Australia, August. 
Woldesenbet, E. and Vinson, J. R. (1996). "Sandwich Composite Structure for Low-Cost 
and Emergency Housing," in Sandwich Construction 3-Proceedings of the Third 
International Conference on Sandwich Construction, Editor, H. G. Allen, EMAS 
Publications, United Kingdom, pp. 61-70. 
Wright, H. D., Oduyemi, T. O. S., and Evans,H. R. (1991a). “The experimental behaviour 
of double skin composite elements.” Journal of Constructional Steel Research, Volume 
19, Issue 2, Pages 97-110. 
Wright, H. D., Oduyemi, T. O. S., and Evans,H. R. (1991b). “The design of double skin 
composite elements.” Journal of Constructional Steel Research, Volume 19, Issue 2, 
Pages 111-132. 
Wright, H. D., and Oduyemi, T. O. S. (1991c). “Partial interaction analysis of double skin 
composite beams.” Journal of Constructional Steel Research, Volume 19, Issue 4, Pages 
253-283. 
Wright, H. D., Oduyemi, T. O. S. and Narayanan, R. (1991d). “Double-skin composite 
compression elements.” Proceedings of the International Conference on Steel and 
Aluminium Structures (Singapore, May 1991), ed. S. L. Lee & N. E. Shanmugam. 
Elsevier Applied Science, London, 1991, pp. 179-88. 
Wright, H. D., Oduyemi, T. O. S. and Narayanan, R. (1991e). “Full scale tests on double 
skin composite elements.” Proceedings of the 3rd International Conference on Steel 
Concrete Composite Structures, Fukuoka, Japan, 1991. 
Xie, M., and Chapman, J.C. (2005). “Static and fatigue tensile strength of friction-welded 
bar–plate connections embedded in concrete”, Journal of Constructional Steel Research, 
61(5), 651–673. 
Xie, M., and Chapman, J. C. (2006). “Developments in sandwich construction.” Journal 
of Constructional Steel Research, 62, 1123–1133. 
Yen, J. Y. R., Lin, Y. C., and Lai, M. T. (1997). “Composite beams subjected to static 
and fatigue loads.” Journal of structural engineering, 123(6), 765-771, June. 
Zhang, B., Phillips, D. V., and Wu, K. (1997). “Further Research on Fatigue Properties of 
Plain Concrete.” Magazine of Concrete Research, Vol. 49, No. 180, Sept., pp. 241-252. 
 259
                                                                                                                                                          References 
 
 260
Zhang, J., Stang, H., and Li, V. C. (1999). “Fatigue Life Prediction of Fiber Reinforced 
Concrete under Flexural Load.” International Journal of Fatigue, 21,1033-1049. 
Zhang, M. H., Li, L., and Paramasivam, P. (2004). “Flexural Toughness and Impact 
Resistance of Steel-Fiber-Reinforced Lightweight Concrete.” Magazine of Concrete 
Research, Vol. 56, No. 5, June, pp. 251-262. 










                                                                                                                                                            Appendix 
Appendix I: Calculation for Sandwich Structural Component 
Comparison 
Calculation results for sandwich structural component comparison can be given as 
follows: 
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For type IV: 
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Drilling hole throughout the height of sandwich panel will not affect the location of 
neutral axis. Thus the flexural rigidity and stress are as follows: 










                                                                                   (I.10) 
If a ductile material which has symmetrical stress-strain curve and same elastic modulus 
with concrete is used, then: 
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Appendix II.1: 
Calculation Procedure for Global Comparison under Sagging Moment 
Load Condition  
 









































Figure II.1.1 Half ACS under sagging moment load condition (mm) 
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Table II.1.2 Moment of inertia under sagging moment load condition 
Item No.  2A y  3 /12b h  
1 2 3 2[1.4 ( 2) ] [2 ] { [0.7 ( / 2 1) ]}t f f t fh h e h         31/12 [2 ] [1.4 ( 2) ]f t fh h     
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7 8 9  21/ [12 ] [ ] [6 / 2]E t fe h e       31/(12 ) [ ] [12 ]E t fh e     
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12 2[10.3 ( / 2 1) ] [ ] [ (1.4 / 2)]t f f fh h e h       -- 
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14 2[1.2 ( 2) ] [ ] [ (2.9 / 2)]t f f fh h e h       -- 
15 2[1.2 ( 2) ] [ ] { [2.9 ( 3 / 2) ]}t f f t fh h e h         -- 
16 2[1.2 ( 2) ] [ ] [(6.4 / 2) ]t f f fh h h e       -- 
17 2[1.2 ( 2) ] [ ] {[6.4 ( 3 / 2) ] }t f f t fh h h e         -- 
18 21/ [1.2 ( 2) ] [ ] {[6.4 ( / 2 1) ] }E t f t f t fh h h           e  -- 
19 2[1.2 ( 2) ] [ ] [(9.9 / 2) ]t f f fh h h e       -- 
20 2[1.2 ( 2) ] [ ] {[9.9 ( 3 / 2) ] }t f f t fh h h e         -- 
21 21/ [1.2 ( 2) ] [ ] {[9.9 ( / 2 1) ] }E t f t f t fh h h           e  -- 
22 2[11.5 ( / 2 1) ] [ ] [(12 / 2) ]t f f fh h h e       -- 
23 2[11.5 ( / 2 1) ] [ ] {[12 ( 3 / 2) ] }t f f t fh h h e         -- 
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Appendix II.2: 















































Figure II.2.1 Half ACS under hogging moment load condition (mm) 
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Table II.2.1 Location of NA under hogging moment load condition 
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   2 2/ 2 [1.2 ( 2) ] {6.4 (6.4 ) }f t f fE h h       [1.2 ( 2) ] [ ]f t f fE h h     
23 [6.4 ( 1) ]












   2 2/ 2 [1.2 ( 2) ] {9.9 (9.9 ) }f t f fE h h       [1.2 ( 2) ] [ ]f t f fE h h     
25 [9.9 ( 1) ]












   2 2/ 2 [11.5 ( / 2 1) ] {12 (12 ) }f t f fE h h       [11.5 ( / 2 1) ] [ ]f t f fE h h     
27 [12 ( 1) ]
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Table II.2.2 Moment of inertia under hogging moment load condition  
Item No.  2A y  3 /12b h  
1 2 3 2[1.4 ( 2) ] [2 ] { [0.7 ( / 2 1) ]}t f f t fh h e h         31/12 [2 ] [1.4 ( 2) ]f t fh h     
4 5 6  21/ [1.4 ( 2) ] [ ] { [0.7 ( / 2 1) ]}E t f t f t fh h e h            31/(12 ) [ ] [1.4 ( 2) ]E t f t fh h       
7 8  2[10.6 ( 2) ] [2 ] {[6.7 ( / 2 1) ] }t f f t fh h h e         31/12 [2 ] [10.6 ( 2) ]f t fh h     
9 2[12 ( 2) ] [2 ] {[6 ( / 2 1) ] }t f f t fh h h e         31/12 [2 ] [12 ( 2) ]f t fh h     
10 11 31/(4 ) [ ] { [1.4 ( 2) ]}E t f t fh e h        31/(12 ) [ ] { [1.4 ( 2) ]}E t f t fh e h        
12 31/(4 ) [ ] [ ( 2) ]E t f t fh e h       31/(12 ) [ ] [ ( 2) ]E t f t fh e h       
13 2[11.5 ( / 2 1) ] [ ] ( / 2)t f f fh h e h      -- 
14 2[11.5 ( / 2 1) ] [ ] [ ( 3 / 2) ]t f f t fh h e h        -- 
15 21/ [11.5 ( / 2 1) ] [ ] [ ( / 2 1) ]E t f t f t fh h e h           -- 
16 2[10.3 ( / 2 1) ] [ ] [ (1.4 / 2)]t f f fh h e h       -- 
17 2[10.3 ( / 2 1) ] [ ] { [1.4 ( 3 / 2) ]}t f f th h e h        f  -- 
18 21/ [10.3 ( / 2 1) ] [ ] { [1.4 ( / 2 1) ]}E t f t f t fh h e h            -- 
19 2[1.2 ( 2) ] [ ] [ (2.9 / 2)]t f f fh h e h       -- 
20 2[1.2 ( 2) ] [ ] { [2.9 ( 3 / 2) ]}t f f t fh h e h         -- 
21 21/ [1.2 ( 2) ] [ ] { [2.9 ( / 2 1) ]}E t f t f t fh h e h            -- 
22 2[1.2 ( 2) ] [ ] [(6.4 / 2) ]t f f fh h h e       -- 
23 2[1.2 ( 2) ] [ ] {[6.4 ( 3 / 2) ] }t f f t fh h h e         -- 
24 2[1.2 ( 2) ] [ ] [(9.9 / 2) ]t f f fh h h e       -- 
25 2[1.2 ( 2) ] [ ] {[9.9 ( 3 / 2) ] }t f f t fh h h e         -- 
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26 2[11.5 ( / 2 1) ] [ ] [(12 / 2) ]t f f fh h h e       -- 
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Appendix III: Mix proportioning design of FL trials 
Table III.1 Mix design of FL1 
Components Effective water Cement LWCA (OD*) LWFA Steel fiber Absorbed water Mix water Total 
Grain density (kg/m3) 1000 3150 850 503 7800 1000   
Mix mass (kg/m3) 175 500 315 127 78 55 230 1250 
Volume (liter) 175 159 371 252 10 55  967 
Volume fraction of cement paste & LWA 0.33 : 0.62 
Water / cement ratio 0.35 
Air content 0.03 
Mix volume (liter) and Mixer 6 liter by Hobart mixer 
(* OD: oven dried state to remove all the moisture in the aggregates) 
Table III.2 Mix design of FL2 
Components Effective water Cement LWCA (OD) LWFA Steel fiber Absorbed water Mix water Total 
Grain density (kg/m3) 1000 3150 800 447 7800 1000   
Mix mass (kg/m3) 147 420 300 150 78 54 201 1149 
Volume (liter) 147 133 375 336 10 54  1001 
Volume fraction of cement paste & LWA 0.28 : 0.71 
Water / cement ratio 0.35 
Air content 0.00 
Mix volume (liter) and Mixer 6 liter by Hobart mixer 
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Table III.3 Mix design of FL3 
Components Effective water Cement LWCA (OD) LWFA Steel fiber Absorbed water Mix water Total 
Grain density (kg/m3) 1000 3150 850 447 7850 1000   
Mix mass (kg/m3) 175 500 315 127 78.5 55 230 1250 
Volume (liter) 175 159 371 284 10 55  999 
Volume fraction of cement paste & LWA 0.33 : 0.65 
Water / cement ratio 0.35 (SP SP20 dosage based on all cementitious material: 9 ml/kg added to fresh concrete)
Air content 0.00 
Mix volume (liter) and Mixer 20 liters by drum mixer 
 
Table III.4 Mix design of FL4 
Components Effective water Cement LWCA (OD) LWFA Steel fiber Absorbed water Mix water Total 
Grain density (kg/m3) 1000 3150 850 447 7850 1000   
Mix mass (kg/m3) 210 600 300 100 78.5 51 261 1340 
Volume (liter) 210 190 353 224 10 51  987 
Volume fraction of cement paste & LWA 0.40 : 0.58 
Water / cement ratio 0.35 (SP SP20 dosage based on all cementitious material: 7.5 ml/kg added to fresh concrete) 
Air content 0.01 
Mix volume (liter) and Mixer 20 liters by drum mixer 
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Table III.5 Mix design of FL5 
Components Effective water Cement LWCA (OD) LWFA Steel fiber Absorbed water Mix water Total 
Grain density (kg/m3) 1000 3150 850 447 7850 1000   
Mix mass (kg/m3) 245 700 260 90 78.5 44 289 1418 
Volume (liter) 245 222 306 201 10 44  985 
Volume fraction of cement paste & LWA 0.47 : 0.51 
Water / cement ratio 0.35 (SP SP20 dosage based on all cementitious material: 6.43 ml/kg added to fresh concrete) 
Air content 0.02 
Mix volume (liter) and Mixer 20 liters by drum mixer 
Table III.6 Mix design of FL6 
Components Effective water Cement LWCA (OD) LWFA Steel fiber Absorbed water Mix water Total 
Grain density (kg/m3) 1000 3150 850 447 7850 1000   
Mix mass (kg/m3) 227.5 650 280 95 78.5 48 275 1379 
Volume (liter) 227.5 206 329 213 10 48  986 
Volume fraction of cement paste & LWA 0.43 : 0.54 
Water / cement ratio 0.35 (SP SP20 dosage based on all cementitious material: 7.31 ml/kg added to fresh concrete) 
Air content 0.01 
Mix volume (liter) and Mixer 20 liters by drum mixer 
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Table III.7 Mix design of FL7 
Components Effective water Cement LWCA (OD) LWFA Steel fiber Absorbed water Mix water Total 
Grain density (kg/m3) 1000 3150 850 447 7850 1000   
Mix mass (kg/m3) 202 808 119 167 78.5 28 230 1402 
Volume (liter) 202 257 140 373 10 28  980 
Volume fraction of cement paste & LWA 0.46 : 0.51 
Water / cement ratio 0.25 (SP ADVA® 108 dosage based on all cementitious material: 8.24 ml/kg added to fresh concrete) 
Air content 0.02 
Mix volume (liter) and Mixer 20 liters by drum mixer 
Table III.8 Mix design of FL8 
Components Effective water Cement LWCA (OD) LWFA Steel fiber Absorbed water Mix water Total 
Grain density (kg/m3) 1000 3150 850 447 7850 1000   
Mix mass (kg/m3) 170 850 125 175 78.5 29 199 1428 
Volume (liter) 170 270 147 392 10 29  989 
Volume fraction of cement paste & LWA 0.44 : 0.54 
Water / cement ratio 0.20 (SP ADVA® 108 dosage based on all cementitious material: 18.82 ml/kg added to fresh concrete) 
Air content 0.01 
Mix volume (liter) and Mixer 20 liters by drum mixer 
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Table III.9 Mix design of FL9 
Components Effective water Cement LWCA (OD) LWFA Steel fiber Absorbed water Mix water Total 
Grain density (kg/m3) 1000 3150 850 447 7850 1000   
Mix mass (kg/m3) 200 800 170 140 78.5 34 234 1422 
Volume (liter) 200 254 200 313 10 34  977 
Volume fraction of cement paste & LWA 0.45 : 0.51 
Water / cement ratio 0.25 (SP ADVA® 108 dosage based on all cementitious material: 8.13 ml/kg added to fresh concrete) 
Air content 0.02 
Mix volume (liter) and Mixer 20 liters by drum mixer 







(OD) LWFA Steel fiber 
Absorbed 
water Mix water Total 
Grain density (kg/m3) 1000 3150 2200 850 447 7850 1000   
Mix mass (kg/m3) 180.4 740 80 125 165 78.5 29 209 1398 
Volume (liter) 180.4 235 36 147 369 10 29  978 
Volume fraction of cement paste & LWA 0.45 : 0.52 
Water / cement ratio 0.22 (SP ADVA® 108 dosage based on all cementitious material: 15.12 ml/kg added to fresh concrete) 
Air content 0.02 
Mix volume (liter) and Mixer 15 liters by Hobart mixer 
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(OD) LWFA Steel fiber 
Absorbed 
water Mix water Total 
Grain density (kg/m3) 1000 3150 2200 850 447 7850 1000   
Mix mass (kg/m3) 170 770 80 120 150 78.5 27 197 1396 
Volume (liter) 170 244 36 141 336 10 27  938 
Volume fraction of cement paste & LWA 0.45 :  0.48 
Water / cement ratio 0.20 (SP ADVA® 108 dosage based on all cementitious material: 20.86 ml/kg added to fresh concrete) 
Air content 0.06 
Mix volume (liter) and Mixer 15 liters by Hobart mixer 







(OD) LWFA Steel fiber 
Absorbed 
water Mix water Total 
Grain density (kg/m3) 1000 3150 2200 850 447 7850 1000   
Mix mass (kg/m3) 180.4 740 80 200 110 78.5 37 217 1426 
Volume (liter) 180.4 235 36 235 246 10 37  943 
Volume fraction of cement paste & LWA 0.45 : 0.48 
Water / cement ratio 0.22 (SP ADVA® 108 dosage based on all cementitious material: 17.2 ml/kg added to fresh concrete) 
Air content 0.06 
Mix volume (liter) and Mixer 50 liters by large yellow drum mixer 
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(OD) LWFA Steel fiber 
Absorbed 
water Mix water Total 
Grain density (kg/m3) 1000 3150 2200 850 447 7850 1000   
Mix mass (kg/m3) 171.6 700 80 200 120 78.5 37 209 1387 
Volume (liter) 171.6 222 36 235 269 10 37  944 
Volume fraction of cement paste & LWA 0.43 :  0.50 
Water / cement ratio 0.22 (SP ADVA® 108 dosage based on all cementitious material: 16 ml/kg added in water) 
Air content 0.06 
Mix volume (liter) and Mixer 50 liters by yellow pan mixer 







(OD) LWFA Steel fiber 
Absorbed 
water Mix water Total 
Grain density (kg/m3) 1000 3150 2200 850 447 7850 1000   
Mix mass (kg/m3) 162 730 80 200 120 78.5 37 199 1408 
Volume (liter) 162 232 36 235 269 10 37  944 
Volume fraction of cement paste & LWA 0.43 : 0.50 
Water / cement ratio 0.20 (SP ADVA® 108 dosage based on all cementitious material: 10 ml/kg added in water and 2.6 ml/kg added to fresh concrete) 
Air content 0.06 
Mix volume (liter) and Mixer 50 liters by yellow pan mixer 
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(OD) LWFA Steel fiber 
Absorbed 
water Mix water Total 
Grain density (kg/m3) 1000 3150 2200 850 447 7850 1000   
Mix mass (kg/m3) 162 730 80 200 130 78.5 38 200 1418 
Volume (liter) 162 232 36 235 291 10 38  966 
Volume fraction of cement paste & LWA 0.43 : 0.53 
Water / cement ratio 0.20 (SP ADVA® 108 dosage based on all cementitious material: 10 ml/kg added in water and 1.87 ml/kg added to fresh concrete) 
Air content 0.03 
Mix volume (liter) and Mixer 85 liters by yellow pan mixer 







(OD) LWFA Steel fiber 
Absorbed 
water Mix water Total 
Grain density (kg/m3) 1000 3150 2200 850 447 7850 1000   
Mix mass (kg/m3) 164 738 80 202 131 0 38 202 1354 
Volume (liter) 164 234 36 237 294 0 38  966 
Volume fraction of cement paste & LWA 0.43 : 0.53 
Water / cement ratio 0.20 (SP ADVA® 108 dosage based on all cementitious material: 4 ml/kg added in water and 3.96 ml/kg added to fresh concrete) 
Air content 0.03 
Mix volume (liter) and Mixer 85 liters by yellow pan mixer 
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Table III.17 Standard casting procedure for FL 
Step Timing (minutes) Procedure  
1  Cement + silica fume + LWFA of 3 smaller sizes premix for about 5 minutes  
2 Timing start  Add in water (premixed with SP* of dosage 10 ml/kg cementitious materials)  
3 1.5~2nd  Add in 1st half SF** when paste mix well  
4 3rd  Add in all LWFA of 2~4 mm size  
5 4~5th  Check mixer blade, move out bundled SF  
6 6~7th  Add in 2nd half SF + 1st half LWCA  
7 8th  Check mixer blade, move out bundled SF  
8 9~10th  Add in 2nd half LWCA  
9 11th  Check mixer blade, move out bundled SF  
10 11~12th  Add in extra SP to fresh concrete  
11 13th  Check mixer blade, move out bundled SF  
12 14~15th   Casting  
(* SP is superplasticizer ADVA® 108; dosage is based on all cementitious material: 10ml/kg added in water and 1.87ml/kg added to 
fresh concrete.  
** SF stands for steel fiber) 
(To prevent and minimize crushing of LWCA and LWFA of 2~4 mm size, they are added after cement paste are mixed well and steel 
fibers are added in. Total mixing time should not be longer than 15 minutes) 
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